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Abstract.
A number of complexes of the first row transition metal halides 
and pseudohalides in the+2 oxidation state with pyridine and 
substituted pyridines have been prepared. These have taken the 
form ML4X2 (where 1.1= ITi, L =pyridine, 3-methylpyridine, 4-^ethyl- 
pyridine, 3» 5-lntidine, 4-vinylpyridine, 3-chloropyridine and 
isoquinoline, X= Cl, Br, I, HCS, HCO; M s  M el, Fe, Co, L-4-vinyl- 
pyridine, X= Cl, Br, I, BCS> HCO) and ML2X2 (where M=Hi, L=spyridine
3-methylpyri dine, 4-methylpyridine, 3,5~latidine, 4-vinylpyridine,
3-bromopyridine, X=C1, Br, HCS, Ey, M=Mn, Fe, Co, Cu, Zn,
L= 4-vinylpyridine, 2-vinylpyridine, X= Cl, Br, I, 1TCS, FCO, IT^ ).
These complexes have been examined using techniques of i.r., 
far i.r. and Baman spectroscopy, TT.Y. and visible spectroscopy 
and magnetochemistry in an attempt to correlate the structures with 
the spectral measurements. The nickel(il) complexes were treated 
in greater detail since an attempt to relate changes in visible 
spectral parameters with donor properties of the ligands was made; 
and to this end values of the ligand-field splitting parameters 
in the xy plane and along the z axis, i.e. Dq3^  and Dqz were 
evaluated from the splitting of the spin-allowed bands observable 
in the electronic spectrum. A linear relationship was found between 
the spectral parameters in the xy plane and along the z axis, and 
this was interpreted as meaning that a change in length of the bonds 
in the xy plane would effect the length of the bonds along the z 
axis. The lengths of the bonds would in turn be related to the 
donor properties of the ligands.
A previous report that the vinyl group of 2-vinylpyridine will 
co-ordinate to copper (il) has not been confirmed.
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Abbreviation s.
L heterocyclic base
X halogen or pseudohalogen
py pyridine
Mepy methylpyridine
lut lutidine (dimethylpyridine)
coll collidine (trimethylpyridine)
Xpy substituted pyridine e.g. Clpy ehloropyridine
Q quinoline
IQ isoquinoline
Ypy vinylpyridine
sh shoulder
br broad
RT room temperature
LT low temperature (90°K)
kK 1000 cm.*"1
v i.r. stretching mode
U.V./visible spin-allowed electronic transition 
Av Raman vibrational mode
def. ,5 i.r. deformation mode
sym. i.r. symmetric mode
asym. i.r. asymmetric mode
Dq ligand field splitting parameter
Dt ligand field radial parameter
B Racah parameter
A^ eff. effective magnetic moment
atomic susceptibility 
6 Curie-Weiss constant

General Survey.
Probably one of the most studied group of donor molecules 
is that of pyridine and related ligands. The halides and 
pseudohalides, i.e. azides, cyanates, thiocyanates and seleno- 
cyanates, of most of the first row transition metals in the 
+2 oxidation state react readily with these ligands. Usually 
adducts of the types ML4X2 and ML2X2 are formed1*”1 ,^ where M 
is the metal, L the heterocyclic aromatic base and X the halogen 
or pseudohalogen. However, complexes of the types MLX2, ^ 2/'^ 2* 
ML^X2, ML5X2V ML5X2 (MLX^)" have also been reported.
The system not only shows a wide range of stoicheiometry 
but also comprises complexes with considerable variation in 
stereochemistry. Both the stoicheiometry and stereochemistry 
are somewhat dependent on steric factors, notably the position 
and size of substituents on the pyridine ring, and the ability 
of the halogen or pseudohalogen to form bridging groups between 
metal atoms. In many cases a change in the ratio of metal halide 
to heterocyclic base will determine the stereochemistry of 
the complex formed.
It is unlikely that any one metal will show a complete 
range of stereochemistry and stoicheiometry, since certain 
metals prefer particular stereochemistries. In some cases a 
metal so prefers a particular stereochemistry that only one 
complex is formed whatever the ratio of metal halide to 
heterocyclic base used. Thus complexes of the types MIX2 and 
ML2/3X2 appear to have been obtained only by the thermal 
decomposition of parent complexes containing a greater number
of molecules of base^“^. Ionic complexes of the type (ML^Xg 
axe generally not obtained in the solid state, except in 
instances where X is perchlorate or tetrafluoroborate.
Many six co-ordinate complexes, ML4X2, are known. However, 
the structures of only a few have been determined by single 
crystal X-ray diffraction techniques, the structures of the 
others having been inferred from their similar spectroscopic, 
magnetic, and other properties to those of known structure.
All adducts ML4X2, so far studied have trans-oetahedral 
s tructures^ > 22^
Only one complex of stoicheiometry ML^Xg, where X is ..a 
halogen, has been reported and this is the unstable, apparently 
five co-ordinate complex, Znpy^X2^.
Complexes of the general formula exM'bit three
different structures24“27.
a. Polymeric trans-octahedral e.g. a-Copy2Cl2»
In this structure halogen atoms form bridges between 
metal atoms, each metal-halogen bond being equivalent. Copper 
complexes e.g. Cu(2-Mepy)2Cl2 have structures similar to this 
except that Jahn-Teller distortion produces non-equivalent 
metal-halogen bond lengths (see Pig. l).
b. Tetrahedral monomeric e.g. ITi(4-Mepy)2l2> p-Copy2Cl2» 
Znpy2Cl2.
In this case halogen-bridging does not occur, either because 
the halogen does not favour bridging, as in the case of iodine 
due to its polarisability, or because the metal favours a 
stable tetrahedral configuration, as with cobalt and zinc.
Figure 1.
D iagram m atic representation of the structure of 
polymeric trans-octahedral complexes 
e.g. a-C opy2CI2 .
c. Square planar monomeric e.g. Hi(2,5-lut)2Br2.
This compound may he considered to have a distorted 
tetrahedral configuration forced onto the metal by a ligand 
showing strong steric hindrance as does 2,5-lutidine. The 
distortion of the tetrahedron is sufficient to produce an 
almost planar molecule.
The adducts MLX2 and ML2/5X2 are polymeric and the metal 
atom has a distorted octahedral environment^®.
Some interest has been taken in anionic complexes containing 
one pyridine ligand and three halogen atoms of the general 
form (R)+(MpyX5)~ where B is tetraphenylarsonium, tetra-n- 
butylammonium, tetraethylammonium or some other large 
non-co-ordinating cation. The anion is usually found to be 
tetrahedral.
The electronic spectra of most pyridine and substituted 
pyridine adducts of the transition metal dihalides have been 
interpreted on the basis of the microsymmetry of the central 
metal atom.
The infra-red and far infra-red spectra have been studied 
in fair detail by a number of authors-*-*2,5-7*31-36. Clark 
and Williams^ - have shown that the metal-halogen v(M-X) and 
metal-nitrogen v(M-R) stretching frequencies in the far i.r. 
are particularly useful in distinguishing between different 
stereochemistries. Clark37 has shown that it is possible to 
correlate the position of the metal-halogen stretching 
frequency with the oxidation state, mass and co-ordination 
number of the central metal atom and the stereochemistry of
the complex. Adams^S has compiled an extensive survey of 
metal-ligand vibrations.
The stoicheiometry, structure and stability of a number 
of pyridine type adducts, particularly with cobalt and nickel, 
have been discussed in texms of u-acceptor properties, steric 
hindrance and basicity of the ligand® 27,39-45, «nhe 
thermal decomposition of a number of adducts of the dihalides 
of manganese to zinc with pyridine and related ligands have 
also been s t u d i e d - * - - * -“'■*■6,18-20,47-54.
Although there is an overall similarity between the 
pyridine complexes of the first row transition metal halides 
and pseudohalides, there are also distinct variations occurring 
with particular metals, thus each metal will be discussed 
separately.
1* Titanium (d^ ).
Very little information is available on the stabilisation 
of titanium(ll) in other than simple binary systems e.g. TiO 
and TiX2*
The compound Tipy2Cl2 has recently55,56 been prepared by 
the reaction of the methyl cyanide complex of titanium(ll) 
chloride, Ti(MeQT)2Cl2, with pyridine in benzene in a Is4 
molar ratio. Direct reaction between TiCfl.2 and pyridine gave 
a transient blue solution which became green. From this 
solution dark green Tipy^Clj was isolated. Thus direct reaction 
between TiCl2 and pyridine led to oxidation of the titanium(ll) 
to titanium(ill).
Reaction of Ti(MeCK)2Br2 with a dilute solution of pyridine 
in benzene for three hours at room temperature resulted in 
partial oxidation of the titanium. As a result pure Tipy2Br2 
has not been isolated.
Tipy2Cl2 is a black solid which is vigorously oxidised 
by water to give pale yellow-brown solutions. It is soluble 
in pyridine however, in which it forms non-conducting solutions, 
and is considered non-ionic. The diffuse reflectance spectrum 
shows a broad band at 24*4 kK whereas in solution in pyridine 
the band moves to 25*2 kK. The complex has an effective 
magnetic moment of 1.14 B.M. at 291°K, well below the spin 
only value of 2.83 B.M. expected for two unpaired electrons.
It is suggested that Tipy2Cl2 has a halogen-bridged polymeric 
structure in the solid state which leads to the low moment 
through anti-ferromagnetic exchange.
2. Vanadium (d^ ).
Vanadium (il) chloride dissolves in hot pyridine to give 
a deep-red solution from which reddish-black crystals of the 
complex Vpy^Cl2 can be isolated^?. The effective room temperature 
magnetic moment of this complex is reported to be 3*89 B.M. 
which is in good agreement with the spin-only value for three 
unpaired electrons of 3«88 B.M. Its electronic reflectance 
spectrum and its solution spectra in pyridine and methyl 
cyanide are as follows^;
kK
Reflectance 14*3sh, I9.0 br
Pyridine 14*3sh, 19.0sh, 20.8
Methyl cyanide 14.3sh, 18.7, 24.7
3. Chromium (d^ ).
Considerably moi*e work has been carried out on chromium(ll) 
pyridine complexes than on the previous two metals. Chromium(ll) 
pyridine complexes have been shown,:to be isomorphous to a large 
extent with those of copper(ll) because of related electronic 
configurations 59 > ^0.
Chromous halides react readily with pyridine in ethanol 
or other suitable solvent to give adducts of the stoicheiometric 
ratios 6:1, 4*1 and 2:l4>6l>62# All chromium(ll) complexes of 
these types have been found to be sensitive to aerial oxidation 
and have therefore been prepared using anaerobic techniques^.
Any oxidation to chromium(lll) was found to be detectable by the 
appearance of extraneous peaks in the electronic spectrum. One 
absorption band would be expected in the electronic spectrum of 
chromium(ll) in 0^ symmetry i.e. <— ?Eg* However, many
chromium(ll) complexes show tetragonal distortion like those of 
copper(ll). As a result of this Jahn-Teller effect the degeneracy 
of the orbital levels is lifted and the %Jg and 0^?2g levels 
exhibit splitting. This would be expected to give rise to three 
absorption bands, namely:
5Alg <- ■^Ig
^ 2g <-- 5 B lg
5e <-
g -  S»ie
In practice most chromium(ll) complexes show a broad band 
between 13 - 17 kK which in some cases appears to contain three
components^5-66#
Room temperature magnetic susceptibilities show the presence
of four unpaired electrons per chromium ion^-^3.
Table I.
Room temperature moments of chromium(II) complexes ^1> 62.
/>eff. * °K
Crpy2Cl2 4*62 298
4.84 293
Crpy 2^ 1*2 4*81 293
Crpy^ 5*03 293
4.98 298
Crpy£Br2 4.94 293
Crpy6l2 5*03 293
Crpy2(H20)^Br2 5.03 298
Crpy2(E20)2l2 5.01 298
Pew far i.r. measurements on chromium(ll) complexes have ■ '
i
been undertaken. Clark and Williams^ have measured the spectrum 
of Crpy2Cl2 to 200 cm”  ^and have assigned the following bands:
v(Cr - Cl) v(Cr - H)
382, 303 219
Some thermal decomposition studies have also been carried
out
4. Manganese (d5).
Manganese(ll) halides and pseudohalides react with pyridines 
to form adducts of the type MnLnX2, where n = 2 or 4* The known 
stereochemistries are monomeric distorted octahedral (n= 4) and 
halogen-bridged polymeric octahedral (n = 2)4. Mhpy^Cl2 and 
MQpy2Cl2 are readily prepared by direct interaction of the
constituents in suitable molar ratios in ethanol, or by heating 
pyridine “under reflux -with MnClg^*
Manganese(ll) pyridine complexes are air-stable and as a 
result rather more work has been done on this system than for 
the previous three metals*
The equilibrium:
Mnpy^Cla Ifcpy2°l2 +  2
has been studied in chlorobenzene solution and it was suggested 
that Mnpy2Cl2 has a tetrahedral configuration in solution 
although only polymeric halogen-bridged Mhpy2Cl2 has been 
reported in the solid stated.
The electronic spectrum of Mhpy2Cl2 has been interpreted on 
the basis of a trans-octahedral polymer^* Difficulty can 
sometimes be encountered due to the spin-forbidden nature of 
the d5 transitions, but the following assignments have been
reported^:
6Alg 16.67 kK
19.05
4®2g <—  6ilg 20.40
4Aig+^ jEg —^  ^lg 25.70
Thermal decomposition studies have been carried out-^A6>49. 
Infra-red and electronic spectra indicate that Khpy^CQ^ aud 
Khpyj^C^ contain octahedral manganese with chlorine bridging. 
The electronic spectra of Ma(3-Mepy)2Cl2 :^ s decomposition 
products have been assigned (see Table II).
Par i.r. studies have been carried out on various complexes 
(see section on Yibrational spectroscopy)^>5>6,32,34*69,70#
?lg* A^lg 4*2g 4% g +  4Eg
18.50 20.41 23.55 kK
18.52 21.74 23.81 kK
18.52 21.74 23.81 kK
Table II.
Electronic spectra of Hn( 5-Mepy) qCIq and its thermal decomposition 
products .
Mn( 5-Mepy)2C0.2 
Mn( 3-Mepy) Cl 2
Room temperature and variable temperature magnetic moments 
have also been recorded^
Table III.
Magnetic moments of manganesefII) pyridine complexes.
(All values quoted at room temperature unless otherwise stated)*
^eff.
Cl Br RCO R3
Wispy 2&2 5*94 5.96
lh( 4-Mepy) 2 2^ 6.10
lh(4-Mepy)X2 ‘ 6.20
1MQ2^ *2 5*86
Mh(4-CNpy)2^ 2 5.54 0=42°K 5.75 e = 28°K
lM(3-dTpy)2x2 5.77 e=57°K
^ ( 5-GMpy)4x2 5.97
Since high-spin manganese(ll) has an orbitally non-degenerate 
ground state, departure from true Curie behaviour as indicated 
by the moderate Curie-Weiss constants 0, can be ascribed to 
antiferromagnetic exchange interaction between adjacent 
paramagnetic centres. A high spin/low spin equilibrium is
unlikely to occur with this system since the ligands have 
insufficient energy to produce the pairing of electrons 
necessary for a low-spin system. The Curie behaviour of the 4:1 
cyanate complex suggests ; that the 2:1 complexes contain 
pseudbhalogen bridges which give rise to antiferromagnetism.
The e.s.r. spectra of the solid polycrystalline manganese(ll) 
complexes, Mn(4-Mepy)2CI2> Kh(4-Mepy)^ (RCS)2 and Mn(4-Mepy)^ Br 2 
have been determined and compared with predictions from their 
known structures^. The results obtained show the applicability 
of this method to structure determination in systems where 
electronic spectra and magnetic moments may be of little help.
5. Iron (d^ ).
Ferrous halides react with pyridine and substituted pyridines 
directly or in the appropriate proportions in solvents such as 
ethanol to give complexes with 2:1, 4:1 and 6:1 stoieheiometries74-77. 
The preparations are normally carried out using inert atmosphere 
techniques since the complexes are unstable to air. Stability 
to aerial oxidation seems largely determined by the nature of 
the ligands; oxidation can be almost instantaneous, especially 
in the case of thiocyanato complexes, or take hours or days50.
Partial oxidation of the complex Fepy4(HCS)2> normally yellow 
in colour, to give a black product, which analysed correctly 
as the iron(H) complex, led to the assumption that the yellow 
and black foims were cis and trans isomers78-81. Recent work 
however has shown the presence of iron(lll) in the black form, 
in quantities insufficient to affect the analytical results, the 
black colour being produced by the intense charge transfer
absorption between iron and thiocyanate®^>85#
The structures of the complexes are considered to be the 
same as those of other first row transition metals with the same 
stoicheiometry. Comparison of X-ray powder photographs of 
Fepy4Cl2, Fe(4-Mepy)4C12 and Fe(4-Mepy)4Br2 with those of the 
cobalt and nickel derivatives shows that the iron complexes are 
octahedral. The 6:1 complexes are unstable but appear to have all 
six pyridines co-ordinated. The complexes FeQ2X2 (X=C1, Br) have 
been shown to have tetrahedral structures®^. The 2:1 complex with 
ferrous chloride and pyridine, Fepy2Cl2, has been studied in fair 
detail and found to be an octahedral, halogen-bridged polymer4»84# 
Its electronic spectrum has been interpreted on the basis of a 
tetragonally-distorted configuration about the central iron atom.
There is relatively little information available concerning 
the electronic spectra of high-spin six co-ordinate iron(ll) 
complexes. In ligand fields of 0^  symmetry the free ion 
ground term splits into a ^ 2g ground term and a %)g excited 
term. Accordingly, the spectra of such complexes should show one 
spin-allowed band, expected to be in the visible or near infra­
red regions. It has been reported that octahedral iron(ll) 
complexes exhibit a broad absorption band which is often clearly 
split into two c o m p o n e n t s 7 4 - 7 6 ? 8 4 , 8 6 # These two components are 
believed to represent transitions to the ^Eg state whose degeneracy 
has been lifted by the Jahn-Teller effect.
Infra-red and far i.r. studies have been carried out on a 
number of iron(ll) c o m p l e x e s 7 » 6 9 , 7 5 > 8 7 -
Various studies of the magnetic moments of iron(ll) complexes 
have been carried out^®*®® (see Table TV).
Table IV.
Magnetic moments of iron(ll) pyridine complexes.
^Bff. B-M*
Cl Br I 1TC0 m S  mSe
Octahedral
5.34 5.28 5.90 5.49 5-47 5-58
5.13 5.41
Fepy^X2.2py 5.64 5.20
Fe( 4-Mepy )^X2 ' 5*46 5*35
PeIQ^X2 5.47 5.44 5~.46
Tetrahedral
PeQgXg 5.20 5.19 5.28
The values are generally in agreement with the spin-only value 
for four unpaired electrons (4*90 B.M.).
The thermal decomposition of some iron(ll) complexes have 
also been studied^.
6. Cobalt (d7).
Cobalt(ll) halides and pseudohalides react with a large range 
of substituted pyridines to form adducts of the types CoLnX2 
where n = 2 or 4. The stereochemistries are known to be octahedral 
(n = 4)j polymeric octahedral with halogen-bridging or tetrahedral 
(n = 2)4>9>13j26,89>90# Qther forms of complex have been 
described e.g. Copy^Cl2, which is a poorly characterised dark- 
red solid decomposing under vacuum at room temperature to give
Copy^jC^. A complex CoL^B^ where L = A-C^ HtjCH^ py has also been 
reported^. The complex Copy^Clg is a pink-red solid which is 
thermally unstable, decomposing at 110°C to give the blue complex 
Copy2Cl2* The crystal structure of the 4tl complex shows it to 
have a trans-octahedral structure with the pyridine rings in a 
plane inclined at 45° to the horizontal (see Figure 2). The 
complex Copy4^2 was found to possess a similar structure. Bond 
lengths were found to be as follows:
r( Co - X) r( Co - ll) A
Copy4Cl2 2.32 1.99
The electronic spectrum is consistent with octahedral symmetry, 
the bands being assigned as follows:
\  <- ^lg 11.11 kK
4A2g(F) *— 4*lg 16.13
4Tlg(P) <— S g 19.23
Electronic spectra of complexes with substituted pyridines have 
also been studied.92,96#
With 2-substituted pyridines it is not possible to obtain 
adducts of the type C0L4X2 and this is attributed to steric 
hindrance. King et al.45 have studied the equilibrium:
CoL2Cl2 4-2 L ^  C0L4CI2 
and shown that the position of equilibrium depends markedly on 
the nature of the ligand L. The equilibrium has been investigated 
in chloroform and b e n z e n e ^ 1 ?43,44,46# various thermodynamic data 
have been calculated (see Table Y).
It is found that AG becomes less negative over the series
Figure 2.
Table V.
A H AG A S
CopygClg oct. -15.2 -1.48 -46.8
Copy^B^ tet. -15.6 -1.28 -48.8
Copy2I2 tet. -16.6 -0.49 -54.9
Copy2(HCS)2 oct. -16.6 -6.6 -34.1
Copy2(HC0)2 tet. -13.7 -1.83 -40.5
CoIQ2C12 tet. -14.7 -1.32 -45.7
CoIQ2Br2 tet. -16.6 -1.16 -32.7
CoIQ2I2 tet. -17.4 -0.48 -57.7
(AH and AG in keal. mole"*^ ; AS in cal. deg.~^ mole ”■*■).
FCS, ITCO, Cl, Br, I (the 1TCS complex being somewhat anomalous),
At the same time the stable configuration changes from octahedral 
to tetrahedral, A  S and A H  at the same time become more negative. 
The change in AH and. AS has been attributed to u-bonding between 
cobalt and pyridine. This is possible since, in an octahedral 
field., spin-free cobalt(ll) has an almost filled t2g non-bonding 
shell, capable of overlap with vacant antibonding u-orbitals of 
pyridine. The extent of this d^-p^ overlap is influenced by the 
nature of the anionic ligand partner. 'When this is easily 
polarisable e.g. 1“ charge is readily transferred, to the metal 
hy way of the a bond. The effect of increasing charge transfer 
from halogen to metal is to enhance the release of non-bonding 
metal d-electrons to antibonding pyridine tt-orbital s. This 
double bonding effect between the metal and pyridine will hinder 
the free rotation of the pyridine molecules in the octahedral
complexes, leading to a decrease in entropy.
The complex Copy2Cl2 exists in two forms, the violet a-form, 
which is stable at room temperature and the blue p-form. The 
a-form has been shown to possess a polymeric octahedral structure 
containing halogen-bridges^. The complex Copy2(2TCS)2 has a 
similar structure:
r( Co - X) r( Co - 2?) A ref.
Copy2Cl2 2.49 2.14 94
Co(4-Vpy)2Cl2 2.51 2.10 96
Copy2(NCS)2 2.10 2.12 95
The blue p-form can be prepared by heating the a-form to 
120°C in a sealed tube or by precipitation from a solution of the 
p-form in chloroform by the addition of light petroleum. It is 
tetrahedral and stable in solution.
The electronic spectra of both forms of Copy2Cl2 have been 
r e c o r d e d 9 7 - 1 0 0  and the results have been interpreted on the basis 
of octahedral (a) and distorted tetrahedral (p) configurations•
The electronic spectra of the tetrahedral complexes have 
been intensively studied^ ?**-*-^ . Almost always, the v2 band
is split into three distinct components and 
has an overall band width of as much as 3000cm.--*-. Two of the 
three components have energies almost independent of ligand, but 
the third and highest energy component decreases markedly in 
energy (up to 1000c m . w h e n  a sterically hindered ligand is 
employed. On the basis of this information and of single crystal
polarisation studies it is suggested that the components are in 
fact distinct electronic transitions to the three components of
\
the ^Tig(P) level in symmetry. The assignments are, in order 
of increasing energy98.
% l g  < - 4A2g
4jt2g <— 4%>g
^2g <— 4A‘2g
In solution hoth the polymeric octahedral and tetrahedral forms 
give the spectrum of tetrahedrally co-ordinated cohalt indicating 
the breakdown of the polymer in solution.
The effects of size and basicity of the ligand and the 
influence of w-bonding on the stability and the structure of the 
complexes have been discussed in some detail^. It has been 
suggested that the position of the ligands in the spectrochemical 
series and the relative stabilities of the compounds C0L4X2 with 
respect to dissociation into C0L2X2 and free base can be explained 
in terms of repulsion effects between the non-bonding electron 
pairs on the ligands and the metal t ^  orbitals in one case and 
the non-bonding electron pairs of neighbouring ligands in the 
other.
Other w o r k e r s ^  have observed two classes of solution 
behaviour for the tetrahedral C0L2X2 complexes. Class 1 compounds 
exist in equilibrium with the neutral octahedral adducts, C0L4X2, 
whereas Class 2 compounds undergo ligand replacement reactions 
with the formation of ionic species in the presence of an excess 
of amine. Thermodynamic data for the Class 1 equilibria show that, 
while the length of an alkyl side-chain has little or no effect, 
the stabilities of the octahedral (relative to the tetrahedral) 
complexes are substantially less for the 3- than for the
4-substituted pyridines. The results are interpreted in terms of 
variations in the Ti-acceptor capacities of the differently 
substituted pyridines.
Proton magnetic resonance studies on Copy^C^ &nd Copy2Cl2 
have been carried outB®B”B®4 in order to determine the contact 
shifts and hence to provide evidence for tt-  and a- electron spin 
delocalisation mechanisms in pyridine.
The complexes have been studied by i.r. and far i.r. 
te chniques^ * ^ > 105 > 106 #
Thermal decomposition studies have also been carried out-^-14,
47,5.0-52.
Room temperature magnetic moments have been thoroughly 
investigated®*^,107-113 (see «j>able Vi).
Table VI.
Magnetic moments of cobalt(ll) pyridine complexes.
Peff.
Cl Br I I?C0 PCS HCSe
a. Octahedral (4sl).
py 4*72 4.56 5.1
5-Mepy 4.94 5.07 4.90 4.96 5.03
4-Mepy 4.94 5.04 5.07
3-Etpy 5.13 5.02 5.01 5.08
4-Etpy 5.19 5.07 5.05 5.08 5.08
4-Prpy 5.21 5.15
3,4-lut 5.20 4.98
3,5-lut 5.04 4.94
4-Vpy 4*66 5.2
Table VI continued.
Cl Br I 1TC0 PCS PCSe 
IQ 4.95 5.20 5.40 4.94 :-4.98 5.02
4-CFpy 4.94 5.07 4.90
3-CNpy 5.23
4-CH20Hpy 4.16 4.9I 4.81
4-C6H5CH2py 5.24 5.05 5H22
4-ClC6H4CH2py 5.04 5.16 5.05 5.10
4-C5H5C0py 5.00
b. Polymeric octahedral (2:1).
py 5.15 5.1 5.1
4-Clpy 5.12 5.29
3-Brpy 5.25 5*19
4-Brpy 5.33 5*56 4.96
4-Mepy 4.92
4-Etpy 5.15
4-Prpy 4.90
3,5-lut 4.95
3-CNpy 5.20
4-CIfpy 5.27 5.22
4-C4E5 C02py 5•23 5•04
4-C5H5CH2py 4.96
4-ClC5H4CH2py 5.03
o. Tetrahedral (2:1).
py 4.42 4.50 4.5
2-Mepy 4.48 4.56
Table YI continued.
Cl
3-Mepy 4.49
4-Mepy 4.48
2-Etpy
3-Etpy 4.48
4-Etpy 4.47
4-Prpy 4.53
2-pentylpy 4.48
2-Ypy 4.55
4-Ypy 4.50
2-Clpy 4.53
2-Brpy 4.52
3,4-lut 4.60
3,5-lut 4.59
Q 4.42
IQ 4.54
4-Clpy
4-Brpy
4-CFpy
4-C6H5CH2py 4.42
4-ClC6H^CH2Py 4.59
4-CH20Hpy 4.33
4-C6E5COpy 4.51
4-C4E^C02py
4-CH(QH)py 4.36
4-OHpy 4.27
Br I ECO ECS
4.48 4.47 4*60 4.30
4.48 4.62
4.61 4.67 4.42
4.72 4.54 4.46
4.45 4.61 4.62
4.53 4.58 4.48
4.4
4.45
4.61
4.46
4.43
4.43 4.75 4.47 4.25
4.45 4.50 4.61
4.60
4*56 4.48
4.63
4.54 4.67 4.96
4.63 4.62 4.96
4.53 4.40
4.52 4.59
4.58 4.64
ECSe
4.39
From the tabulated results it can he seen that the magnetic 
moments of the octahedral (4:1) complexes mainly occur in the 
range 4*9 - 5*1 B.M. The moments of the 2:1 polymeric complexes 
are somewhat higher than this, in the range 5*0 - 5*2 B.M. 
whereas the moments of the tetrahedral (2:1) complexes are lower, 
in the range 4.4 - 4*6 B.M. Variable temperature studies-*-09-H5 
have shown the moments of the tetrahedral 2:1 complexes to he 
independent of temperature whereas those of the 4:1 and 2; 1 
polymeric complexes show considerable variation. The 2:1 polymeric 
complexes may also show antiferromagnetic properties.
Table VII.
Variable temperature moments of cobalt(ll) pyridine complexes.
^eff.
295°K 77°K 0°K
a-Copy2Cl2 8
p-Copy2& 2 4*51 -5
Co(2,3-lut)2Cl2 4.46 4.51 10
Co(2,4-lut)2Cl2 4.47 4.56 0
Co(3,4-lut)2Cl2 4.49 4.59 2
Co(3 9 5-lut)2C12 4.47 4.28 10
Co(3,5-lat)4Cl2 4.95 4.55 42
Co(4-Vpy)2Ca.2 4.50 4.44 2
Co( 2-Vpy)2Cl2 4.97 4.66
7. Flckel (d8).
Hickel(ll) halides and pseudohalides form adducts of the types: 
HiL^, HiL4X2, and FiLX210,18,24,27,59,4O,42,i:L4"125.
Mixed complexes of the type Fipy4XX’ have also been reported 
where X and X1 are different halogens-*- 4^.
The thermal stability, stereochemistry and empirical formulae 
of these compounds have been discussed in terms of steric 
hindrance, Tr-acceptor properties and ligand polarisability. The 
proposed structures for many of the adducts have been deduced 
from magnetic and spectral studies since virtually no 
crystallographic data have been reported.
The preparations are generally similar to those of the earlier 
metals, but to prepare tetrahedral and square-planar 2s 1 complexes 
of some sterically hindered pyridines the solid halide can be 
heated under reflux with the pyridine until reaction is complete 
4,24.
Complexes of the type HiL^Xg readily decompose to the complexes 
HiL2X2 which are also thermally unstable, but less so, presumably 
because of their polymeric nature. Extensive thermal stability 
work has been reported-*--*->-*-2,18-20,51-55. The complexes Hipy6l2 
and lTi(4-Mepy)£l2 decompose to th© corresponding 4:1 complexes 
at 100°C.
Three types of structure have been put forward for nickel 
pyridine complexes mainly from spectral, magnetic and other 
physical evidence. The 4:1 complexes have tetragonally distorted 
trans-octahedral structures, while the 2:1 complexes can be 
polymeric octahedral with halogen bridges, tetrahedral, or rarely, 
square planar.
The few known crystal structures confirm the structures
inferred from spectral techniques'*^-^?.
r(Pi - X) r(Pi - p) A
Pipy^CQ^ 2*59 2.00
Pipy^Brg 2.58 2.00
Pipy4(PCS)2 2.12 2.05
Square-planar configurations are more common for the iodo- 
complexes although square-planar chloro and bromo-complexes, 
Pi(4~PH2Py)2X2, ^ave "been reported^. Iodo-complexes (2:1) tend 
to form either tetrahedral or square-planar configurations since 
iodine does not readily form halogen bridges in this type of 
system. Steric hindrance from the pyridine may favour one 
configuration, thus Pi( 3-Mepy) 2I2 and Pi (4-Mepy) 2I2 are tetrahedral 
whereas Pi(2-Mepy)2I2 is square-planar.
Different configurations seem to produce somewhat different 
room temperature magnetic moments'*"27,28,39>40,42,51?71> 112,114- 
116,119-121,128-132^
Table Till.
Magnetic moments of nickel(ll) pyridine complexes.
P*f£.
p 5Cl Br I PCO PCS PCSe
Octahedral (4:1).
py 3.H 3.22 5.21 5.04 3.01 3.20
5.03
3-Mepy 5.19 3.14 5.12 3.10 5.13 3.10
5.15 5.17 5.21
4-Mepy 3.16 3.11 3.18 3.12 3.11 3.06
Table Till continued.
Cl Br I HCO KCS
5,4-lut 5.15 3.32 5.18
3,5-lut 3.19 3.60 3.29 5.12
4-ClTpy 3.25 5.20
5-CNpy 3.19 3.25 5.21
4-PH2py 5.18 3.26
IQ 5.20 3.13 3.07 5.06 5.16
Polymeric octahedral (2:1).
py 3.27 3.30 5.26
3.17 3.14
3.39 3.35
3.37
5-Mepy 3.45 3.43 5.28
3.39 3.25
4-Mepy 3.35 3.38 3.17
3.34
4-Clpy 3.35 5.21
5-Brpy 3.24 5.20
4-Tpy 3.2
4-CNpy 3.40 3.31 3.38
5-CFpy 3.34 3.33 3.45
Q 3.54
3.22
IQ 3.40 3.20
Tetrahedral (2:1).
py 3.44
5-Mepy 3.21
3.47
UCSe
5.28 5.00
5.10
5.24
5.09
Table VIII continued.
Cl Br I 3STC0 1TCS BCSe
4-Mepy 3.35
3.38
2-Mepy 3.48 3.47
3,4-lut 3.60
2.3-lut 3.61 3.54
2.4-lut 3.60 3.53
Q 3.41
d. Square-planar (2:1).
All square-planar complexes have been found to be diamagnetic.
e. Polymeric (lsl).
py 3.47 3.41
3-Mepy 3*30 3*25
4-Mepy 3.47 3.38
Q 3.22 3.24
From Table VIII it can be seen that the room temperature 
magnetic moments of the 4:1 conqplexes occur in the range 3.1-3*2 B.M. 
but the 2:1 polymeric halo-complexes have slightly higher moments 
of 3*2-3.4 B.M. and frequently show some slight ferromagnetic 
interaction. The tetrahedral 2:1 complexes show slightly higher 
moments again, i.e. 3»4-3»6 B.M.; all square-planar 2:1 complexes 
are diamagnetic.
A few low temperature moments have been studied^^^.
Table IX.
Variable temperature moments of nickel(il) pyridine complexes.
Table IX continued.
Hi(2,4-lut)2Cl2 3.45
Hi(2,3-lut)^Br2 3,49
lTi(2,4-lut)2Br2 3.52
295°K 7 7 e°£ 
3.28 8
3.30 10
5.40 3
The electronic spectra of the complexes have "been thoroughly 
investigated, by diffuse reflectance and by transmittance as 
nujol mulls and in solution. Difficulties were sometimes 
experienced with solution measurements unless excess of ligand 
was present because the 4s1 complexes tended to dissociate in 
solution to the 2:1 complexes and pyridine-*-®*27,28,39*40,H5-H9> 
122,132-137# rpke peaks in the electronic spectra have been 
assigned by various authors-*-54-137. it has been shown that the 
distortion about the nickel atom in Nipy^CO^ causes splitting of 
the ^T2g<— ■^2g ^lg(F) <-^2g transitions for octahedral
nickel(ll) and Rowley and Dragon-54 report the following assignments 
at liquid nitrogen temperature:
11730
^gCB) < -  %
5A2g(F)«—  %;
5Eg(F) «—  %;
12804 
lg 14950 
16818 
26759
The few far i.r, studies carried out show that the metal
pyridine vibrations lie in the 200-270 cm •"*-*- r e g i o n - * - > 5 » 1 5 8 # Metal
halogen vibrations, depending on the type of complex, generally 
occur in the 130-350 cm,-*- range. The positions of the bands 
depend not only on the stereochemistry of the complex, but also 
on the size and atomic mass of the halogen atom. Hence metal-iodine, 
metal-bromine and metal-chlorine vibrations generally occur at 
increasingly higher f r e q u e n c i e s - * - 52,34> 35>69,70#
8, Copper (d^).
Unlike the rest of the first row transition metal halides and 
pseudohalides, which only rarely form other than octahedral or 
tetrahedral complexes, copper takes on a greater variety of
stereochemistries-*-^>140# pt has been found, for example^*-*-40^
that Cupy2Cl2 has a basically trans-square planar structure linked 
by weak Cu - Cl interactions giving each copper atom a local 
symmetry resembling D^. The following interatomic distances 
have been measured by X-ray crystal 1 ography-*-40-144.
r(Cu - H) r(Cu - X) A
xy z
Cupy2Cl2 2.02 2.28 3.05
Cupy^Br2 I.99 2.46 3.17
Cu(4-Etpy)2Cl2 2.00 2.28
Cu(4-Tpy)2Cl2 2.01 2.38
The complexes Cu(4-'Vpy)2Cl2 and Cu(4-Etpy)2Cl2 although possessing 
an essentially similar structure are packed differently in the 
crystal ■*■44, the packing of the ethyl complex being looser than 
that of the vinylpyridine complex (see Figure 3). The structure 
of Cu(4-Mepy)2C12 is reported to be similar to that of Cupy2Cl2^ 45.
Figure 3.
Crystal  Structures of a C u ^ V p y ^ C I ^
b C u 4 —Etpy Cl
The structure differs from that of C u p h o w e v e r  I31 that the 
molecules form a dimeric unit in which each copper atom is 
surrounded by two chlorine and two nitrogen atoms in the trans­
positions of an approximately square-planar arrangement. The two 
molecules are associated through two weak intermolecular bonds 
between the copper atoms and a bridging chlorine atomM^,
The complex Cu(2-Mepy)2Cl2 has properties unlike those of 
the pyridine and 4-methylpyridine complexes, being deep blue in 
colour and soluble in organic solvents. It has been considered, 
from i.r, measurements3-^ >141 *be a monomeric distorted 
tetrahedral complex. However, from crystal structure data the 
complex has been found to form dimeric units in which each copper 
atom has a square pyramidal stereochemistry^. From observations 
of the Gu - Cl stretching frequency it has been concluded3^ ! 
that complexes with 2-substituents have a planar arrangement of 
ligands and that steric hindrance caused by the substituents is 
relieved by tilting of the aromatic rings, so that the apical 
positions of the octahedra i,e, positions above and below the 
plane, are shielded3-^>147. a single crystal electronic and e.s.r. 
study of Cu(2-Mepy)2Cl2 has recently been reported3^ ®.
In complexes with pyridine and 5- and 4- substituted pyridines 
the apical positions are considered to be free so that the metal 
can co-ordinate to halogens of other CuL2^2 units and so build 
up a bridged polymeric structure. This structure is also reported 
for the complexes Cupy2(H^)2 and Cupy2(HCS)2 which contain 
pseudohalogen b r i d g e s ^  >149.
Bimerisation in copper(il) complexes is not uncommon, e,g, 
cupric acetate £cu(0C0GHj)2(H20)] I11 ‘wkick only does acetate
act as a bridging group, but a Cu - Cu 6 bond completes the copper 
six co-ordination sphere. Pyridine complexes of copper(II) with 
various fatty acid anions have been reportedMO-154.
Because of the ability of the copper atom to form bridged 
polymers, the complexes with higher ratios of halogen to metal seem 
to possess greater stability. Thus 4s 1 complexes of copper(ll) are 
quite rare and fairly unstable; they have a tendency to lose pyridine, 
polymerise and form 2:1 complexes. Because of the stability and ease 
of formation of these polymeric complexes, copper will also form 
1:1 complexes. The following have been reported3-^ 155-159.
CupyCl2 grey green
Cu(2-Mepy)Cl2
Cu( 3-Mepy) Cl 2 grey green
Cu( 4-Mepy )d 2 grey white
Cu(2-Ypy)Cl2 brown
CuQ(1TC0)2 
Cu( 2-MeQ) (HCO) 2 
Cu( 4-MeQ) (HCO) 2 
Cu( 3-MeIQ ) (BCO) 2 
preparation usually being effected by mixing 1:1 molar ratios of 
copper(ll) salt and substituted pyridine in an appropriate solvent, 
e,g, acetone, water or ethanol. This type of complex has also been 
reported for other elements in the first row transition series-^ 
e,g, B1LX2, but usually only as thermal decomposition products of
complexes with greater metal halogen to pyridine ratios.
The initial report of Cu( 2-Vpy)Cl23'-^ , suggested vinyl group 
co-ordination to the copper.
Far i,r, measurements have been carried out on a number of 
C U L 2X 2 c o m p l e x e s ^ ,  35,50,160-164# 2.1 complexes of pyridine
with CuCl2 and CuBr2 show two i,r, active copper-halogen stretching 
frequencies in the solid state. This has been ascribed to tetragonal 
distortion (Jahn-Teller) about the six co-ordinate copper atoms, 
giving rise to two copper-halogen bonding distancesM8,141. 
Corresponding complexes of 2-substituted pyridines and of quinoline 
show only one i.r, active copper-halogen mode and this is said to 
indicate monomeric square-planar structures for these adducts3*45.
In general the copper-pyridine stretching vibrations are found 
between 240 and 290 cm."3'. The terminal v(Cu - X) vibrations occur 
in the ranges 290-305 cm.-3- (X=Cl) and 230-260 cm."3- (X = Br) and 
the bridging v(Cu - X - Cu) vibrations in the region of 235 cm."3' 
(X=r Cl)* v(Cu - HCS) vibrations have been found to occur in the 
region of 320 cm."3' 1,6,141,162-164#
The room temperature magnetic moments compare favourably, in
most cases, with the value for one unpaired electron, 1.73 B.M.3'^’ 
165-167
Table X.
Magnetic moments of copper(II) pyridine complexes.
Peff. B-M- 
Cl Br 1TC0
Cupy2X2 1.85 1*79
Cu(2-Mepy)2X2 1*87
2.2
Table X continued.
Cl Br IT CO
Cu(2-Clpy)2X2 1.79 1.79
Cu(4-Clpy) 2X2 1.85 1.84
Cu(5-Brpy)2X2 1.85 1.79
Cu( 5-Mepy) 2X2 2.06
Cu( 4-Mepy )^X2 1.92
Cu(4-Vpy)2^2 2.08
CUQ2X2 1.82
CuIQ2^2 1.85
Cu( 2-MeQ) ^X2 1.78
Cu( 4-MeQ) 2Xp 1.81
Cu( 5-MeIQ) 2X2 1.85
It is reported that 2,6-lutidine forms a complex with copper(il) 
chloride which is diamagnetic-*-^  # The authors suggest that the 
diamagnetism results from the formation of a direct metal-metai 
bond. Some 1:1 cyanate complexes have been reported-*-56 to show 
temperature-dependent moments in the range 2.0-2.1 B.M.
Table XI.
Temperature-dependent moments of some copper(ll) cyanate complexes.
295°K
/^ eff. B,¥* 
275°k: 201 °X
CuQ(1TC0)2 2.00 2.01 2.05
Cu( 2-MeQ) (ITCO) 2 2.05 2.04 2.07
Cu( 5-MeQ) (ITCO) 2 2.07 2.09 2.11
Cu( 5-MeIQ) (ITCO) 2 2.06 2.07 2.09
The electronic spectra of the complexes give rise to one 
absorption band in the visible region at about 16 kK and this can
often "be resolved into at least three components. The three 
components may he assigned as transitions from the d^ y, dz2 and 
&%■%, dyZ pairs to the a anti-bonding and half-filled dx2_y2 level,
of axial metal-ligand interaction.
E.s.r. studies on complexes with pyridine, 4-methylpyridine and
9. Zinc (d^).
Pyridine and substituted pyridine complexes of zinc halides are 
of three main types: 2:1, 3:1 and 4:1. Like ZnCl2 the 2:1 complexes 
are tetrahedral and stable; but the 3:1 and 4:1 complexes are five 
and six. co-ordinate respectively, and are unstable. They have been 
prepared by re crystallisation of the 2:1 complexes from the pure 
base 23. The chemistry of zinc is dominated by the stability of the 
2:1 complexes to which the 3:1 and 4:1 complexes readily revert with 
the loss of pyridine.
The stability of the tetrahedral monomeric form of the 2:1 
complexes and the absence of any polymeric form are in direct 
contrast to the other transition metals. This difference between 
zinc and the preceding transition metals is probably due to crystal- 
field stabilisation of the octahedral complexes of the transition 
metals.
Crystal structures of a few complexes have been determined-*-^> 170#
the relative order of these transitions depending upon the extent
Znpy2Cl2
r(Zn - ll) 
2.00
r(Zn - X) A 
2.18
The 2;1 complexes are readily obtained from ethanolic solutions-*-71. 
The i.r. spectrum of the pyridine shows very little change on 
co-ordination except for two of the lowest ring vibrations at 604 
and 405 cm.”-*-; the former has been assigned as an in-plane ring 
deformation and the latter as an out-of-plane ring deformation. On 
complex formation the band at 604 cm.--*- shifts to about 640 cm.“-*- 
and the 405 cm,~-*- band increases in frequency and splits into two 
components^.
Par i.r. spectral measurements, both in the solid phase and in 
solution have been reported'**,^ ,^ 4» 50? 172,173^ yery little change in 
the position and shape of the bands is noted between the solution 
and mull spectra. Metal-nitrogen modes have been assigned for 
tetrahedral anionic complexes of zinc with pseudohalogens174.
Ramana Rao et al.-*-75>176 have studied the reaction between 
tetrahalogeno-zinc(ll) complexes with substituted pyridines, quinoline 
or isoquinoline in the presence of thiourea and have succeeded in 
isolating mixed ligand complexes containing both thiourea and 
pyridine.
W lllMTIOiM. SPECTRA
1. Yibrational spectra.
The complete vibrational spectrum of a molecule is frequently 
only accessible through a combination of the i.r. absorption (v-y-pb) 
and Raman (iv^) data. The combined use of i.r. and Raman spectroscopy 
for the complete characterisation of the vibrations of a molecule 
can be understood by considering a molecule of 0^ symmetry. This 
has six normal modes of vibration!. Of these three are Raman active, 
two are i.r. active and one is inactive; Raman or i.r. activity 
being determined by the symmetry of the vibration (see Pigure 4)* 
Because of the complementary nature of i.r. and Raman techniques 
an attempt was made to obtain both the Raman and i.r. spectrum of 
each complex studied.
Each technique was considered separately, after which the results 
obtained by each method were compared.
Figure 4.
Normal modes of vibration of octahedral molecules; XY,
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a* Jfctoaged spectra.
The i.r. spectra of the types of complex studied are attrihutahle 
to three types of vibration, namely, the internal modes of the 
ligand, ligand-metal, and metal-halogen or pseudohalogen vibrations. 
In pseudohalogen complexes one further type of vibration is present, 
that due to the internal modes of the pseudohalogen molecule. The 
degree of interaction between these different types of vibration 
may vary from compound to compound, but the separation into groups 
is a reasonable generalisation.
The following groupings will be made when dealing with the 
vibrational spectra of these complexes, based mainly on the spectral 
regions involved:
i. Metal-pyridine, metal-halogen and metal-pseudohalogen modes,
(these occur in the far i.r. region, 300-100 cm."1).
ii. Internal ligand vibrations (which mainly oceor in the region 
2000-250 cm.-1).
iii. Internal pseudohalogen vibrations (which occur in the region 
3000-2000 cm.”1 and between 1400 and 400 cm.-1).
i. Metal-pyridine, metal-halogen and metal-pseudohalogen vibrations.
With the increasing use of i.r. spectroscopy, particularly in 
the region below 250 cm."1, the characterisation of low frequency 
stretching and bending modes has become important. Many vibrational 
modes occur in this region, including metal-halogen and metal- 
nitrogen stretching and deformation modes. Recent studies have shown 
that the metal -halogen vibrations give rise to intense absorptions 
and are readily identifiable^. It has also been shown that the
frequencies of these vibrations are related to the oxidation state 
and the co-ordination number of the metal and also to the 
stereochemistry of the complex.
However, because of the coraparitive newness of the technique and 
the fact that spectrometers capable of scanning regions below 
200 cm.**1 have only recently become readily available, some of the 
work has been limited in extent and, as is now realised, some 
incorrect assignments have been made, especially regarding the 
positions of the metal-halogen vibration frequencies. An added 
difficulty which is encountered when attempting to assign the various 
vibrational bands is that there is a high probability of the lower 
frequency modes being *mixed’ to a large extent. It has been shown, 
for example, by normal co-ordinate analysis, that in Sipy2Cl^ the 
purify of the metal-nitrogen modes varies from 40-67$^®, and in 
Sipy2Br^ from 57-74^^^*
Metal-pyridine complexes have been the subject of extensive 
recent surveys in the far i.r. region, since pyridine forms a wide 
variety of complexes of different stereochemistries and with metals 
in different oxidation states. Previous results^’ have shown 
that the v (metal-pyridine) stretching vibrations lie in the 200-270 
cm.**1 region (see Table XII). This would be expected since the 
highest frequency at which metal-ligand stretching vibrations are 
found is in the region 419-500 cm.~^ for metal-ammonia complexes and 
no evidence for v(metal-ligand) stretching vibrations above 200 cm.**1 
has been found in complexes of heavy bidentate nitrogen donor ligands
e.g. a,a'-dipyridyl and o-phenanthroline1. Pyridine is a ligand of
Table X U .
Metal-pyridine vibrations as reported in the literature, (cm.-1)
( ) - low temperature (liquid nitrogen) results.
Complex Approximate symmetry ref.
^4h i^ ^2v
Crpy2Cl2 219 1
lnpy2Cl2 212 1
230, 214 69
(238, 217) 69
Mhpy2Br2 212 1,69
(225, 210) 69
I&1Q2CI2 196 34
Pepy2Cl2 238, 227, 219 1
240, 227, 220 69
(244, 229, 222) 69
Fepy4(HCS)2 c203 181
Fepy2(HCS)2 c200 181
Copy2Cl2 245, 235, 227 69
(249, 239, 228) 69
242, 233 1
243, 235 181
Copy2(lTCS)2 213 181
Co(4-Clpy)2Cl2 241 182
Co(4-Clpy)2Br2 238 182
Co(4-Brpy)2Cl2 232 182
Copy2Cl2 252 1
254, 190 106
253 182
Table XII continued.
E4I1
Copy^Br2
Copy2^2
Co (2-Mepy ) 2CI2
Co( 2-Mepy) 28^2
Co( 2-Mepy) 2^2 
Co( 2-Mepy) 2(^CS ) 2
Co(3-Mepy)2Cl2
Co( 3-Mepy) 2Br2 
Co(3-Mepy)2I2
Co(3-Ifepy)2(MCS)2
Co(4-Mepy)2Cl2
c2v
250 1,105
254, 190 106
246 106
240, 224 105
242 106
(250) 106
257, 222 52
240 106
(251, 243) 106
250, 232 106
(258, 234) 106
245 181
247 106
■(252) 106
239 105
240 106
(250, 246) 106
243 106
(251, 247) 106
237 106
(251) 106
258 181
258 106
(277, 265) 106
247, 234 105
247 106
Table XXI continued.
Co( 4-Mepy ) 2®r2
P4I1 Ci
Co(4^Mepy)2l2 
Co(2-Etpy)20l2 
Co( 2-Etpy) 2B3?2
Co(2-Etpy)2l2
Co(3-Etpy)2Cl2
Co(3-Etpy) 2Br2
Go(3-Etpy)2I2
Co(4-Etpy)2Cl2
Co(4-Etpy)2Br2
Co(4-Etpy)2l2 
Co(2-Clpy)2Cl2 
Co(2-Glpy)2Br2
Co(4-Clpy)2Cl2
Co( 4-Brpy) 2C12
Co(2-llE2py)2Cl2 
Co(3-IiH2Py)2cl2 
Co(3-M2py)2Br2 
Copy^Cl2 217
Copy^Br2 214
Copy4(HCS)2 218, 205
215, 205
Co(3-Mepy)4(lTCS)2 215, 20?
Co(4-T'epy)4(l!CS)2 210, 203
^2v
255, 248 105
246, 256 106
245 106
240 106
245 106
245 106
247 106
249, 254 106
246 106
241 106
257 106
240 106
227 105
245 106
242 182
236 182
242 106
260 106
231 106
1
1
54
181
181
181
3 XIX continued.
Co(3,5-lut)4(HCS)2 216, 207 181
Co(3-Etpy)4(HCS)2 215, 205 181
Co(4-Etpy)4(UCS)2 216, 208 181
Co(4-iI>Epy)4(lTCS)2 214, 209 181
Co( 4-Mepy)4(lIC0) 2 203 181
Co(3,5-lut)4(FC0)2 219, 205 181
lTipy2Cl2 262, 247, 237 69
(267, 248, 240) 69
255, 240, 200 69
(258, 245, 205) 69
Hipy2(lCS)2 229 181
M(3-*iepy)2(HCS)2 232 181
Ui( 4-Mepy) 2(ITCS ) 2 225 181
l?i( 2-Mepy) 2Br2 239 1
!TiQ/^ Br2 212 1
lfipy2I2 240 1
Hi(3-Mepy)2I2 245 1
Hipy4Cl2 236 1
!Tipy4Br2 235 1
Mipy4l2 240, 228 1
Bipy4(lTCS)2 233 181
2Ti(3-^ epy)4(MCS)2 240 34
Hi(4-Mepy)4(HCS)2 227 34
lfi(3,5-lut)4(FCS)2
0CM 34
Ni(3-Etpy)4(lTCS)2 239 34
Table XII continued.
®4h
Hi(4-Etpy)4(lfGS)2 234 
ia(4-iPrpy)4(UCS)2 234 
lTi(3-atTpy)4(l?CS)2 240 
IIi(4-CNpy)4(KCS)2 248
i?i(3-cipy)4(ircs)2 233 
jri(4-Clpy)4(llCS)2 227 
Hipy4(lfCO)2 237
Ei(3-Hepy)4(EC0)2 236
Hi(4-Hepy)4(EC0)2 224
Hi(3,5-lut)4(lTOO)2 238
Hi(3-Etpy)4(lTCO)2 237 
Ki( 4-Etpy )4(lIC0) 2 233
Hi (4- Clpy ) 4( E C C-) 2 225
Cupy2Cl2
Cupy2(HCS)2 
Cu( 2-Mepy) 2CI2 
Cupy
Cu( 2-Mepy) ^ 2
Cu(3-Mepy)2Cl2 
Cu(3-Mepy)^Br2 
Cu(3-Mepy)2(MCS)2 
Cu( 4-Mepy) 2C12 
Cu( 2,3-lut)2C0.2
o±
34
34
33
33
33
33
34 
34 
34 
34 
34 
34 
33
268 161
266 141
256 34
259 141
268 141
239, 268 141
261
267
269
259
266
270
Table XII continued.
Cu(2,5-lut)2Cl2
Cu(2,6-lut)2Cl2
Cu(3,4-lut)2Cl2
Cu(3,5-lTit)2d2
C u(3-C lp y )2C l2 
Cu(4-C lp y )2C l2
Cu( 3-CNpy)2^12 
Cu( 4- CITpy ) 2C12 
Cu( 4-%rpy)2Gl2 
Cu( 4-COCH^py ) 2CI2 
Gu(4-CH20Hpy)2Cl2 
Cu( 2,4 j 6-coll) 2@12 
Cu( 2-Etpy ) 2CI2 
Cu( 3-Stpy)2Cl2 
Cu( 4-E tpy) 2Cl 2 
CUQ2CI2
Cu( 3-Brpy)2Cl2 
Cu( 2-Clpy)2Cl2 
Cu( 4-Mepy) gBr 2 
Cu( 2,6-lut) 2®r2 
Cu( 2-Etpy) ^Br2 
Cu(4-Clpy)2Br2 
Cu( 2-Clpy) 2^2 
Cu( 4-Mepy) 2( MCS ) 2 
Cu(4-iPrpy)2(MCS)2
Table XII continued.
% h Ci °2v
Znpy2^l2 220 1
218 172
Znpy2®r2 220 1
219 172
Znpy2l2 220 1
222 172
Znpy2(MCS)2 229 34
Zn( 3-Mepy) 2(PCS ) 2 224 34
Zn( 4-Mepy) 2(HCS) 2 217 34
Zn(3,5-lut)2(HCS)2 223 34
Zn( 2-Etpy) 2(XCS) 2 221 34
Zn( 4-Stpy ) 2(ECS ) 2 207 34
intermediate mass and would be expected to possess v(metal-ligand) 
stretching vibrations lying between these limits.
The metal-pyridine vibrations are assigned on the assumption 
that for a series of complexes, each of equivalent stereochemistry, 
the vibrations mil occur at approximately the same frequencies in 
the halo- and pseudohalo- complexes, in the absence of significant 
coupling with other vibrational modes.
Metal-pseudohaiogen vibrations have been found to occur in the 
region 250-300 cm."-*- (see Table XIIl) and metal-halogen vibrations 
generally occur around or below 200 cm. “I 1. It is found that the 
position of the metal-halogen vibrations depends on the size and 
atomic mass of the halogen atom. Hence the metal-iodine, -bromine 
and -chlorine vibrations occur at increasingly higher frequencies 
(see Table .XIV').
As was mentioned previously, a certain degree of coupling 
between vibrations of the same symmetry would be expected to occur 
and to give rise to some variation in the band positions. However, 
since the vibrations are primary stretchings the variation would be 
expected to be small,
Variation of the stereochemistry of the complex results in a 
variation of symmetry and hence of the number and positions of i.r. 
bands. Table XV shows the distribution of normal modes of vibration 
in 4:1 and 2:1 complexes of the various relevant symmetry types.
Table XXII.
Metal-pseudohalogen vibrations as reported in the literature, (cm.--*-) 
( ) - low temperature (liquid nitrogen) results.
Complex Approximate symmetry ref.
D4h ci c2v
a. Thioeyanate complexes.
Wh(4tEepy)4(UCS)2 243 34
I,fnpy4(HCS)2 253 34
l»5h(3,5-lut)4(HCS)2 244 34
Mn( 3-Btpy)4(l?CS) 2 255 34
Kn(4-Etpy)4(ires)2 259 34
lto(4-iPipy)4(ECS)2 259 34
Ehpy2(l?CS)2 254
Fepy4(HCS)2 277
266 181
Fe( 4-Mepy )4(l?CS) 2 261
Fepy2(BCS)2 261
Copy4(lfCS)2 270 34
Co(3-Mepy)4(ires)2 263 34
Co( 4-Mepy )4(11CS)2 255 34
Co(3,5-l-at)4(HCS)2 254 34
Co(3-Etpy)4(HCS)2 266 34
Co(4-Etpy)4(lTCS)2 271 34
Co(4-iPrpy)4(ECS)2 268 34
Co(3-CBpy)4(HCS)2 288 35
Co( 4-CiTpy )4(1ICS) p 279 35
Co(3-clpy)4(HCS)2 270 35
Co(4-Clpy)4(KCS)2 275 35
Copy2(lICS)2 268 181
Table XIII continued.
C2v
Co (2-^ Iepy) 2(lTCS ) 2 321, 287 181
325, 290 106
(323, 289) 106
Co (3-Mepy) 2( IT CS) 2 327, 278 181
326, 287 106
(327, 285) 10 6
Uip74(HCS)2 286 34
Hi( 3-Mepy )4(lICS)2 279 34
li(4-Mep3r)4(HCS)2 275 34
m(3,5-iut)4(ucs)2 268 34
Xi(4-Etpy)4(l7CS)2 282 34
M(4-^rpy)4(lFCS)2 285 34
Hi(3-CXTpy)4(l?CS)2 301 35
Hi(4-aElpy)4(HCS)2 290 35
Xi(3-Clpy)4(KCS)2 283 35
l?i( 4-Clpy )4(l?CS ) 2 282 35
l?ipy2(XCS)2 280 181
lFi(3-Mepy)2(HCS)2 276 181
Hi(4^Mepy)2(nCS)2 289 181
Cupy2(HCS)2 320 34
Cu( 3-Mepy) 2(MCS ) 2 515 34
Cu( 3-Etpy) 2(XCS) 2 316 34
Cu( 4-Etpy) 2(XCS) 2 314 34
Cu(4-iPrpy) 2(XCS) 2 307 34
Cu(3-(Mpy)4(HCS)2 523 35
Cu( 4-CNpy ) 4(lT CS ) 2 327 35
Table XIII continued.
D4& Cj_ C2v
Cu( 3-Clpy) 4(H CS) 2 309 35
Cu(4-Clpy)4(HCS)2 312 35
Cupy4(MCS)2 311 181
2npy2(^CS)2 313, 268 34
2n(3-Mepy)2(1TCS)2 303, 268 34
Zn( 4-Mepy) 2(MCS) 2 311 34
Zn(3,5-lut)2(MCS)2 312, 269 34
2n( 3-Etpy) 2(XCS) 2 313, 266 34
Zn(4-Etpy)2(MCS)2 313, 266 34
Zn(4-iPrpy)2(MCS)2 316, 272 34
Zn( 2-Mepy ) 2 (MCS ) 2 283
ZnQ2(MCS)2 290, 280
Zn(MGS)42“ 285, 255 174
"b, emanate complexes.
Fepy4(HCO)2 513 183
Fe(4-Mepy)4(lIC0)2 309
Co(4-I.Iepy)4(HC0)2 303 34
Co(3,5-iut)4(HCO)2 300, 283 34
Hipy4(NC0)2 302 34
Ri(3-Kepy)4(rrco)2 295 34
lTi(4-Hepy)4(HC0)2 304 34
Fi(3,5-lut)4(lTC0)2 300 34
Ki(4-Etpy)4(irco)2 315 34
2n(lfC0)42- 330, 326 174
Table XI?.
Metal -halogen vibrations as reported in the literature 
( ) - low temperature (liquid nitrogen) results.
Complex Approximate symmetry
D4h ci °2v
a, Chloro-complexes.
Crpy2Cl2 382, 303
Mnpy2Cl2 255
175, 160 
(183, 163)
Mn(3-Clpy)2C12 222, 204
lh(5*^epy)4Cl2 222
MuQ2Gl2 246
Pepy2Cl2 182, 162
(202, 191, 172, 162)
Fepy4Cl2 485
Copy2Cl2 234
188, 167 
( 192 , 177)
Co(4-Brpy)2Cl2 178, 155
Copy2Cl2 344, 304
349, 306 
339, 299, 276
Co( 2-i:epy)2Clg 344, 306
351, 313 
328 , 304
(340, 334, 313)
ref,
1
1
69
69
69
69
183
69
69
182
1
105 
32
32
106 
106
Table XIV continued.
% ! c2v
Co( 3-Mepy) 2C12 542, 503 106
(548, 509) 106
544, 302 52
Co( 4-Mepy) 2CI2 541, 302 106
559, 306 52
Co(2,4? 6-coll)2C12 518, 274
Co(2-Etpy)2Cl2 528, 509 106
Co(3-Etpy)2Cl2 542, 316 106
Co(4-Etpy)2Cl2 557, 297 106
Co(2-Clpy)2Cl2 552, 512
Co( 2-IH2py) 2CI2 505, 287 106
Co(3-M2py)2Cl2 520, 302 106
Copy4Cl2 230 1
Mipy^ci2 246 1
Uipy2Cl2 246 1
193, 182 69
(197, 185) 69
lTi( 2-Mepy) 2C12 : 527, 297 1
Cupy2Cl2 294, 235 1
287, 229 141:
163
Cu( 2-Mepy )2C12 309
308 141
Cu( 3-Mepy) 2C12 294
Table XIV continued.
Cu( 4-Mepy) 2CI2
Cu(2-Etpy)2Cl2 
Cu( 3-Etpy)2Cl2 
Cu(4-Etpy)2Cl2 
Cu( 2,3-lut) 2C12 
Cu(2,5-lut)2Cl2 
Cu( 2,6-lut) 2CI2 
Gu( 3,4-lut) 2C12
Cu(3,5-lut)2012 
Cu( 3-Clpy) 2C12 
Cu(4-Clpy)2Cl2 
Cu( 3-CFpy) 2C12 
Cu(4-CITpy)2Cl2
0u(4“iPMPy)2cl2
Znpy2Cl2
Zn( 2-Mepy) 2CI2 
Zn( 3-Mepy )2C12 
Zn( 4-Mepy) 2CI2 
Zn( 2,6-lut) 2C12
Table XIV continued.
% L Ci Cav
romo-complexes.
Mopy2Br2 135 69
(147, 155) 69
Copy2Br2 274, 242 1
278, 258 105
274 32,106
Co( 2-Mepy) 2^2 264, 244
267 32
265 106
(270) 106
Co( 3-Mepy) 2 273
272 106
(277) 106
270 32
Co (4-Mepy) 2^2 276, 231
272 32,106
Co(2-Clpy)2Br2 260, 242
260 106
Co( 2-Brpy) ^Br2 251, 236
Co( 2,4,6-coll) 2b3?2 278 32
Co( 2-Etpy) 2Br2 263 106
Co( 3-Etpy) 2Br2 281 106
Co(4-Etpy)2Br2 270 106
Co( 3-MH2Py) 2®r2 263 106
Co(4-Brpy)2Br2 265 182
CoQgB^ 260
Table XIT continued.
p± ^2v
Co(4-Clpy)^Br2 138, 118 182
Co(4-Brpy)^r2 143, 128 182
IJipy^B^ 147 89
(155, 141) 69
UiQ2Br2 26^j 252 1
C u p y ^  255, 202 1
256, 207 160
Cu( 2-Mepy) 2^2 231 141
Cu( 3-Mepy) 2Br2 238
Cu( 4-Mepy) ^Br2 234
237, 190 160
Cu(2-Etpy)^Br2 251 141
Cu(2,6-lut)2Br2 230 141
Cu( 2-Clpy) 2Br2 256
Cu( 4-Clpy) 2Br2 234
Cu(3-Brpy)2Br2 230
CuQ2Br2 266 141
Z n p y^ r2 254, 220 1
260, 254 172
2n( 2-Mepy) 2Br 2 250
Zn( 3-Mepy) 2Br2 244
Zn( 4-Mepy) ^Br 2 244
Zn(2,6-lut)2Br2 234
Zn(2,4,6-c:oH)2Br2 256
Table XIV continued.
®i C2v
Iodo-complexes.
FeQ2l2 220, 206
Copy 2^ 2 237 106
Co( 2-Mepy) 2I2 218 106
(222) 106
Co ( 3-Mepy) 2l2 237 106
(243) 106
Co (4-Mepy) 2^ 2 228 106
Co(3-Etpy)2l2 228 106
Co(4-Etpy)2l2 225 106
Uipy2l2 229 1
Hi (3-Mepy) 2l2 231 1
Znpy2l2 210 172
Solution measurements^ -
Solvent v(Zn - X)
Znpy2Cl2 Pyridine 335, 300
Chloroform 334, 302
Znpy^Br2 Pyridine 262
Chloroform 263
Table X?.
Distribution of normal modes of vibration, in 4:1 and 2:1 complexes.
Symmetry v (M -L ) i.r. v(M -X) i.r.
active active
■%h alg+l3lg+eu  ^ alg + a2u
ag t ^ u 2ag 28^ 2
c2v al + ^ 1 2 + b2 2
Low temperature spectra of the complexes, in the absence of 
structural changes, show considerable increase in spectral resolution 
compared with the room temperature spectra (see Tables XII - XI?) ^5.
Copper complexes, CUL2X2, usually give spectra which are somewhat 
different from those of the other first row elements-41»184, with the 
exception of chromium(ll). The structures are normally distorted 
polymeric octahedral with four short and two long bonds, the halogen 
atoms occupying a bridging position such that one Cu-X distance is 
shorter than the other. Thus the structure is related to that of other 
polymeric octahedral complexes but the M-X-M bonds are asymmetric94.
The structure is thus one which may give metal-halogen stretching 
frequencies over a wide range, depending on bond lengths and strengths-*-85.
Two extreme structures are represented by: (a) such long Cu-X bonds 
that the complex is effectively square-planar, and (b) equivalent Cu-X 
bonds. In (a) a metal-halogen stretch could occur as high as 400 cm.--*- 
while in (b) the stretch would be expected around 240 cm.-l.
A survey of the recent literature has indicated that the metal- 
halogen, metal-pseudohalogen and metal-pyridine modes occur in well 
defined regions, as shown in Table XVT.
gable XVI.
Metal-nitrogen and me t al -hal ogen/p s eudohal ogen vibrations* Relationship
between spectral positioning and stereochemistry, mass of halogen 
atom, and mass of metal atom.
(Based on literature values).
Yibration Stereochemistry Region cm.""-*-
(M-Cl) 2:1 tetrahedral 350 - 290
(Il-Br) it it 280 - 230
(H-I) it u 240 - 205
(M-Cl) 2:1 polymeric octahedral 195 - 160
(Cu-Cl) it it n 320 - 280
(Cu-Br ) it 11 ii 270 - 190
(Co-I) 2:1 te trahe dral 260 - 225
2:1 polymeric octahedral 245 - 235
4:1 octahedral 225 - 200
(Hi-I?) it it 240 - 210
( Cu-X ) 2:1 polymeric octahedral 275 - 225
(Zn-R) 2:1 tetrahedral 230 - 205
(M-HCS) 4:1 octahedral 290 - 240
2:1 tetrahedral 320 -- 305, 290 - 265
(Cu-ITCS) 2:1 polymeric octahedral 330 - 305
ghe assignments of the bands found in the spectra of the complexes 
studied in this work were made on the basis of this information, 
ghe results and assignments are shown in gable XVII.
gable XVII.
Ear I.R. spectra, results and assignments (em.~^). 
( ) - low temperature (liquid nitrogen) results.
a. 2s 1 polymeric
v (M - L) v (M - X)
trans-octahedral halogen complexes.
Other modes 
(unassigned)
Ioi(4-Vpy)2Cl2 214,199
Cl Br 
170,160 270
ffil (4-Vpy) 2^2 191 135,118 272,267,230,114
Pe(4-Vpy)2Cl2 211,197 171 27 6
(230,213 180 282)
Co(4-7py)2Cl2 216 170,164 152
Hi(4-Vpy)2Cl2 235 184,178,167 291
Hi(4-'Vpy)2Br2 224,212 154,145 288,260
Xipy2Cl2 244,237 179 262,193,152
Nipy2^r2 240 145 256,199,178
Xi(3-Mepy)2Cl2 252,244,239 195 187,132
Xi (3-Mepy) 2Br2 230,224 146,131 270
Hi(4-Mepy)2C12 244 184,172,156 141
Hi (4-Mepy) 2^ r 2 234,220 146,136 270
Xi(3,5-lut)2Cl2 242,238,225 182,170 252,218,157,128
ITi (3-Brpy ) 2C12 237 198 301,208,144
Cu(4-Vpy)2Cl2 250 302,280 184,168,78
Cu(4-Vpy) ^ Br2 246 224,173 126,58,48
Cu(2-Vpy)2Cl2 258,252 330 281,158
Table XVII continued.
v(M-L) v (M-X) Other modes
(unassigned)
b. 2:1 polymeric trans-octahedral pseudohalogen complexes.
r&(4-7py)2(H3)2 202,228 273 17 6
Pe(4-Tpy)2(Hj)2 221,218,194 280,275, 242,236,161
271
(222,205,195 284,277 250,163)
Hi(4-Vpy)2(N3)2 201 294 344,263,248,166
Hi(4-Tpy)2(irCS)2 224 293 264,249
Cu(4-Vpy) 2(HCS)2 250,260 330,316 97,88
(254,268 336,314 109,90)
c. 2:1 monomeric tetrahedral complexes.
Co (4-Vpy) 2®r2 233,224 257,244 281
(240,224 258,252 285,271)
Co(4-Vpy)2l2 226 248,214 269,137
(234,230 252,214 272,140)
Co(2-Vpy)2Cl2 230,225 334,314 304,285,122,115
Co(2-Vpy)2Br2 248,230 285,264 174,142,107,94,77
Co(2-Vpy)2l2 242,235 216 284,277
Co ( 2-Vpy) 2 (XCS) 2 248,220 322,303 293,163,80
2n(4-Vpy)2Cl2 199,184 326,298 246,116
Zn (4-Vpy ) ^ Br2 218,204 263,246 193
Zn(4-Vpy)2(XCS)2 245,212 308,262 315,183,152
Zn( 2-Vpy) ^Br2 222,203 243,229 282
Zn(2-Vpy)2I2 192 219,215 280,154
Table XVII continued.
v(M - L) v (M - X) Other modes
(unassigned)
d. 4:1 monomeric trans-octahedral halogen complexes* 
Co(4-Vpy)4Cl2 220 198
Co(4-Vpy)^Br2 199 137,131,
109,101
(210,186 140,109
Co(4-vpy)4i2 204,197,171 104,92
(211,203,174 108,95
Xi(4-Vpy)4Cl2 234,220 209,184,
176,140
Xi(4-Vpy)4Br2 208 132,113
M(4-Vpy)4I2 219,208,186 110,100,
86
ffipy4Cl2 244,235,207 174,153
Xipy4Br2 236 151,141,
121
Xipy4I2 239,228 100
Hi(3-Mepy)4Cl2 239,225,216 182,168
Hi(3-Mepy)4Br2 230,216 142,106
Xi(3-Mepy)4I2 230,215 97
Xi(4-Mepy)4C12 226,218 186,154,
144
Hi(4-Mepy)4Br2 218 129,117
273,246,132
271,253
273,258,250)
267,246
270,246)
278.256
276,263
276.256
52
57
358,62
358,254,179
268
268
Table XVII continued.
v (iff - L) v (iff - X) Other modes
(unassigned)
M(4-Mepy)4I2 220,199 104,96 265
Xi(3,5-lut)4Cl2 225,211 184,155, 287
129
Hi(3,5-lut)4Br2 225,207 138 288
Hi(3,5-lut)4I2 222,200 101 286
XiIQ4Cl2 216,202 170,152 248,133,117
XiIQ4Br2 212 132 248,197,185,107,
86
MIQ4I2 212 103 3 8 6 ,2 4 7 ,1 7 8 ,8 3
Xi(3 -C lp y )4I 2 2 3 2 ,2 1 8 ,2 0 9  126 324 , 317 , 308, 200,
169,103,91
e. 4;1 monomeric trans-octahedral pseudohalogen complexes.
Be (4-Vpy )4(XC0)2 197 310 244
(201 316,306 247)
Pe (4-Vpy) 4 (XC s) 2 199 270 253,247
(203 272 259,249)
Co(4-Vpy)4(XC0)2 214,201,195 308,298 262,250
(215,202 303,283 270,253)
co (4-v p y )4 (x c s )2 206 27 6 266,252,246
(212,208 280 262,254,246,172)
Xi(4-Vpy)4(XC0) 2 228,222 310,304 271,262
(233,223 314,508 272,268,210)
Xi(4-Vpy)4 (XC S)2 226 293 266,253
Figure 5-
200 2 5 0 300
cm -1
Effect of te m p e ra tu re  on th e  Far I.R. spectrum  of C o ^ V p y ^ B r ^  (p )
a. Room te m p .
b. Liquid N2 tem p.
Tr
an
sm
it
ta
nc
e
v C u -B r
224
2 0 0  2 5 0  3 0 0
cm
Far IR  s p ec tra  of a C u 4 - V p y 2 C I2
b C u 4 - V p y 2 Br2
^— — aoueHiiusuejJ .
N
i-
C
I
Figure 8
ii. Internal ligand vibrations.
In this section a systematic study of the internal ligand 
vibrations of the complexes is reported-^7~190# £he complexes of 2- 
and 4-^nylpyridine were treated in greater detail than those of the 
other substituted pyridines because of the wider range of complexes 
prepared,
4-Yinylpyridine.
The i,r, spectrum of 4-vinylpyridine may be divided into two parts: 
the bands due to the pyridine ring and those due to the vinyl group, 
although mutual interaction between the two systems must be taken into 
account.
Pyridine ring.
Bellamy^^T states that little is known of the characteristic 
absorptions of aromatic heterocyclic systems except that the ring 
vibrations are closely related to those of benzene whereas the hydrogen 
deformation modes are widely different. The data available suggest 
that the C-H stretching modes of pyridines are essentially similar to 
those of benzene. Interactions between the C=C and C=IT vibrations 
of the pyridine ring appear to occur in a very similar way to benzene, 
giving rise to two bands about 100 cm.“3- apart which are at slightly 
lower frequencies than those of benzene. In many cases the higher 
frequency band is accompanied by a second band on the lower frequency 
side. Thus in 4-vinylpyridine the bands at 1597? 1522 and 1495 cm.-*1- 
may be classified as C=C/C=1! vibrations. The remaining characteristic 
region is that between 900 and 700 cm.~l in which OH deformations occur. 
It has been shewn in the case of benzene substitution that the
strongest band in this region originates in the out-of-plane vibrations 
of the unsubstituted hydrogen atoms of the ring, and that the principal 
factor determining the frequency is the number of such free hydrogen 
atoms which are adjacent to one another. A similar effect is experienced 
with pyridines; thus pyridine, which has five free hydrogens, is 
similar in this region to a mono-substituted benzene whereas 
4-methylpyridine has two pairs of free hydrogen atoms and is similar 
to a para-disubstituted benzene. 4-Vinylpyridine follows this 
generalisation, the band at 850 cm."3- suggesting similarity to a 
p-disubstituted benzene and 4-methylpyridine.
Vinyl group.
Hie vinyl-type double bond gives rise to two strong bands near 
990 and 910 cm.”-*-. The first of these is connected with the hydrogen 
deformation mode of the -C0= structure and the second arises from 
out-of-plane deformations of the hydrogens of the =CH2 group. The 
planar modes give rise to two frequencies,v-j_, arising from the 
deformations of the hydrogens of the =CE2 group whilst v2 arises, 
chiefly, from the -CH= C<^  structure. In 4-vinylpyridine vq occurs at 
1048 cm.“l, the higher frequency v2 occurring at 1500 cm.--*-. A weak 
band occurring at 1654 cm.-l is due to the C=C stretching vibration. 
2-Tinylpyridine.
The i.r. spectrum of 2-vinylpyridine can be treated similarly to 
that of 4-vinylpyridine.
Pyridine ring.
The C=C/C=H vibrations in 2-vinylpyridine are represented by the 
bands at 1585? 1562, 1470 and 1435 cm.*"-*-. In the CH deformation region, 
2-vinylpyridine would be expected to behave in a similar manner to an
Io-disubstituted benzene, with four adjacent hydrogen atoms, in which 
the CH deformation usually occurs as a strong band in the region 
770-755 em.**-*-, 2-Methylpyridine shows a band at 755 cm,--* -^91 and 
2-vinylpyridine shows a band at 746 cm. ■”-*-. Ih-plane and out-of-plane 
ring bands are found at 625 and 401 cm.""-** respectively-*-^ .
Yinyl group.
Che hydrogen d.eformation mode of the -CE= C\ structure in 
2-vinylpyridine occurs as a strong band at 987 cm.**-*-. The out-of-plane 
deformations of the hydrogen atoms of the = CE2 group occur at 1598 cm.~l 
(vp) and 1508 and 1294 cm.--*- (V2). Che C = C stretching vibration occurs 
at 1628 cm.""-*- in 2-vinylpyridine.
A comparison of the assignments for 4- 2nd 2-vinylpyridine is 
given in Table XVIII.
Complexes.
It has been observed^ that complex formation by pyridines causes 
only relatively small shifts in the vibrational frequencies and that 
no distinct trends occur in these shifts when the transition metal or 
halide ligand is changed in a series of structurally similar complexes.
A similar effect has been noted in the spectra of the vinylpyridine 
complexes. It is found however that the i.r. spectra exhibit subtle 
changes with the stereochemistry of the complex. This most noticeably 
affects the bands in the region 1100-800 cm.""-*-. Since the metal ion 
seems to have little or no effect on the 4OOO-65O cm.**l region, a 
direct comparison between the 1100-800 cm.“-*- region of complexes with 
the same stereochemistries and different metal atoms would seem to be 
valid, although providing very little help in directly determining the 
stereochemistry of an unknown complex (see Table XIX).
Table XVIII.
I.E. spectra of 2- and 4-vinylpyridine and assignments 
2-V inylpyri dine 
1870-1845 w br CER= CH2 overtone 1951 w
1852 w_
1628 w vC= C
1585 s ‘ 
1562 ms 
1470 s 
1455 ms
-C=C/C = H
4 -Vinylpyri dine
-CHR=CH2 overtone 
1651 w vC=C
-  c =  c /c = i?
1595 s 
1546 ms 
1495 m
1598 w-m alkene in-plane def. 
1508 w-mlalkene in-plane def.
1294 "w J 
1245 vr
1209 w 
1199 w sh 
1149 m 
1100 w-m 
1048 w-m 
1018 w
987 ms CE2 out-of-plane def.
1408 s alkene in-plane def.
1555 wTalkene in-plane def. 
1299 wj
1256 nfj-ring CH def.
1220 mj
1098 w 
1066 w
992 ms CH2 out-of-plane def,
929 ms alkene CB? out-of-plane def. 926 ms alkene out-of-plane def.
888 w
805 s C-E def.
746 ms a-substitution 
625 w in-plane ring bend 
582 w 
558 w
401 m out-of-plane ring bend
867 w
851 s C-E def.
787 m y-substitution
758 w
649
554 m
455 m
Table XIX.
Comparison of internal ligand modes of the 4jl 4-vinylpyridine complexes. 
Band positions given in cm.“ *
a. Hh(4-Ypy)4(l'-CS)2
b. Fe(4-Ypy)4(lTCS)2
0. Fe(4-Tpy)4(EC0)2
d. Co(4-Ypy)4Cl2
e. Co(4-Ypy)4Br2
f. Co(4-Ypy)4I2
g. Co( 4-Ypy) 4(1ICS ) 2
h. Co(4-Ypy)4(HCO)2
1. m(4-Ypy)4Cl2 
j. Ki(4-'Vpy)4Br2 
k. ia(4-Vpy)4I2
1. Hi(4-Ypy)4(KCS)2 
m. Hi(4-Vpy)4(lTC0)2
Table XIX continued*
a. b. c. d. e. f. g. h. i. 0* k. 1. m.
450 441 448 435 444 444 441 448 450 442
457 461 458 457 459 460 461 459 457 451 460
461 469 467 472 467 471
475
565 565 563 562 564 563 565 565 572 575 570 573 565
645 647 638 641 641 640 645 645 642 644 640 648 644
798 800 797 799 799 800 7799 799 802 802 802 803 793
840 841 838 838 839 837 839 839 842 .841 838 843 835
849 842 844 845 847 844
869 867 865 863 856 865 862 868
877 873 87 6 875 87 6 862 871 876 875 878 871 873 874
879 880
922 922 922 926 924 924
933 929 928 928 931 932 930 930 933 933
931
939 935 938 938 938 935 939 935 939
945 943 943 943 943 940 945 941
952 969
991 992 990 994 988 981 987 982 988 986
998 995 991 991 997 998 993 995
1002 1002
1012 1014 1009 1009 1011 1010 1012 1014 1014 1015 1012 1017 1015
1067 1068 IO69 IO65 1070 1 071 1067 1066
1072 1075 1 072 1 071 1072 1 065 1075 1 075 1075 1070 1070 1 071
1208 1214 1208 1207 1203 1202 1 206 1203 1209 1 208 1205 1203 1206
1212
1227 1230 1222 1221 1222 1223 1222 1222 1225 1225 1225 1223 1220
1245 1250 1242 1232 1239 1238 1242 1245 1238 1241 1237 1233 1242
1240
1245
1422 1422 1414 1415 1412 1413 1412 1420 1418 1417 1415 1414 1412
1427 1423 1424 1428 1428 1427 1423
1431 1429
1511 1511 1499 1498 1497 1499 1504 1508 1502 1502 1501 1502 1499
1553 1558 1546 1544 1543 1541 1548 1558 1543 1543 1543 1549 1550
1548 1547
1618 1 618 1608 1608 1 609 1 610 1610 1616 1 613 1 613 1 612 I614 1610
I642 I642 I634 1628 1628 I629 1637 I639 1631 1631 1629 I633 1634
Table XK.
Comparison of internal ligand inodes of the 2:1 
complexes.
Band positions given in cm.“ .^
a. Mn(4-^py)2cl2
b. Mn(4-;Vpy)2Br2
c. 13n(4-Vpy)2(]T5)2
d. Pe(4^Vpy)2Cl2
e* He(4~Vpy)2(H^)2
f. Co(4-Tpy)2Cl2
g. Co(4-Vpy)2(BT3)2
h. lTi(4-Vpy)2Cl2
i. lTi( 4-Vpy) ^Br2
0. Ki(4-Vpy)2(3SrCS)2 
k. Hi (4-Vpy) 2(^3) 2
1. Cu(4-Ypy)2Cl2 
m. Cu(4-TPy)^Br2
n. Cu( 4-Tpy) 2(HCS ) 2
o. Cu( 4-Vpy) 2(1^ 3 ) 2
(a ) 4-vinylp.yri dine
Table XX continued.
EL* b* c. d. e. f. g.
443 449 449 443 448 443 442
455 454 458 457
471 461
558 555 562 562 563 560 561
638 638 636 639 637 638 645
671 670 673 671
798 799 797 802 798 800 800
834 ?833 838 834 834 831 835
867 861 864 867 860
928 930 936 930 933 927 932
988 985
992 995 991 995 987 991 990
998 1009 1004 1001 1005 998
1011 1013 1017 1012 1015 1013
1030 1032
IO67 1073 1070 1079 1065 1075 IO69
1075 1070
1207 1207 1214 1205 1207
1223 1223 1222 1229 1222 1223 1222
1237 1237 1244 1239 1237
1414 1413 1422 1418 1412 1413 1413
1427 1427 1425 1428 1426
1503 1502 1515 1511 1499 1502 1502
1538
1545 1547 1550 1555 1543 1548 1549
1613-1613 1616 1618 1608 I613 1614
I631 1631 I639 1639 I634 I632 1631
i. 0* k. 1. m. n. o.
450 448
453 455 457
468 465 468 467 459 462 473
569 572 570 575 571 573 572
639 465 623 641 638 644 641
649
670
801 802 800 803 803 805 806
832 838 836 840 835 840 838
852 860 858 866 861 861
930 937 933 938 934 945 937
951
997 990 991 993 990 992 990
1001 997
1019 1018 1017
1025 1025 1027 1028 
1075 1068 IO69 1077 1 075 1074 1074
1208 1 205 1 203 1 209 1 206 1 208 1206
1229 1225 1224 1228 1227 1232 1230
1240 1242 1244 1245 1250
1415 1417 1414 1419 1418 1414
1430 1428 1428 1437 1427
1506 1504 1504 1507 1511 1513 1508
1509
1551 1548 1552 1551 1550 1558 1550
1617 1613 1616 1620 1618 1618 1618
I634 1633 1632 I634 1637 I639 1637
h.
453
471
572
640
803
833
858
928
994
1000
1021
1079
1210
1228
1241
1415
1432
1506
1552
1615
1635
Table JXI.
Comparison of internal ligand modes of the 2:1 2-vinylpyridine complexes. 
Band positions given in
a. Co(2-Ypy)2Cl2
b. Co(2-Ypy)2Br2
c. Co(2-Ypy)2l2
d. Co(2-Ypy)2(FCS)2 
e* Zn(2-Ypy)2Cl2
f. Zn( 2-Ypy)^Br2
g. Zn( 2-Ypy)2I2
h. Cu(2-Ypy)2Cl2
i. Cu(2-Ypy)d2
0. Cu( 2-Ypy ) (iTCO) 2
Table XXI continued*
a* b. c* d. e*
414 414 411 415 412
577 578 575 577 578
648 649 648 652 644
752 752 752 757 750
760 762 761 762 759
78 6 785 783 783 785
799 798 795 789 798
891 888 887 895 891
897 898 901 895
949 947 942 949 948
957 956 949 955
993 988 982 977 996
1002 1002 1002
1020 1021 1018 1018 1019
1038 1037 1032 1032 1036
1059 1060 1060* 1058 1057
1100 1101 1100 1099 1100
1106 1105
1157 1157 1156 1157 1156
1231 1229 1230 1225
1248 1247 1246 1251 1247
1290 1295 1280
1308 1504 1302 I305 1307 
1317 1313 1317
1430 1425 1418 1412 1430 
1442 1442 1438 1442 1440 
1485 1485 1482 1485 1482 
1562 1560 1558 1562 1565 
1602 1601 1600 1602 1608 
1630 1629 1628 1625 1637
f. g. h* i. j.
412 417
550
578 575 577 578 575
646 646 650 652 650
752 752 763 758 756
760 76I 7 66
7 86 783 788 788 789
797 795 797 796 797
805 808
888 898 890
899 894
945 943 939 939 945
955 951 950 953
992 986 973 978 978
1005 991
1018 1020 1013 1021 1021 
1026
1037 1033 1033 1035 1034 
1062 1063 IO63 1062 1064 
1103 1103 1112 1110 1110
1156 1157 1164 1161 1164 
1225 1230 1236 1233
1245 1250 1255 1261
1285 1 295
1302 I305 1309 1310
1422 1425 1430
1442 1445 1445 1450
1485 1490 1492 1487
1558 1558 1567 1567 1567 
1597 1603 1610 I605 I605 
1626 1623 I634
Table XEEI.
Comparison of internal ligand modes of nickel complexes, (cm."-*-). 
a. Pyridine.
py HiL2Cl2 KiL2Br2 lTiL4Cl2 lTiL4Br2 *TiL4I2
430 431 430
433 436
440 442 441
603 627 628
635 635 635
653 661
704 690 688 671 699 696
698 695 704 705 CH def.
747 751 751
759 758 758 760
767
770
876 879 87 6
957 943 944
978 975
990 982 982 981
1001 1001
991 1017 1014 1009 1009 1009"”
1034 - ring CH def.
1032 1046 1043 1037 1038 1038
1058 1058_
1066 IO63 IO67
1071 1075 1074 1074 1073“
1037 1081 1079 ring CH def.
1148 1153 -1152 1149 1147 1153 —
1172 1170 in-plane
1218 1221 1218 1217 1215 1212
1221 1220 1222_
1247 1239 1238 1235
1438~
1439 1445 1445 1445 1447 1445
1481 1517 1488 1488 1490 1485 - C=C/C=H
1585 1580 1572 1567
1600 1608 1603 1600 1592 1600
Table XXII continued.
b* 5-Metliylpyridine.
3-Mepy NiL2Cl2 FiL2Br2 H1L4CI2 HiL^Br2 ITiL4I2
456 415 411 416 414 415
458 421
563 539 540 537
629
637 654 654 644 647 648
691
710 703 694 707 703 705 CH def.
788 789 788 800 794 797 p-subs.
805 808 806
818 818 814 816
880
910 911 919 919
943 945
978 977 990
1032
1047 1041 1044 1034 1036 1040
1038 1059 1063 1046 1050 1055 ring CH def
1105 1109 1107 1109 -
1114 1114 in-plane
1126 1134 1135 1130 1131 1135
1171 1174 1178 1176 1182
1192 1200 1202 H93 1193 1198_
1232
1274 1248 1247 1233 1236 1248
1355 1330 1325 1335 C-CH* sym.
1383 1380 1385 1385 def.
1430 1430
1412 1415 1415 1420 C-GH3 asym.
1449 1455 1455 1450 1450 14501
1463
1475 1485 1485 1480 1475 1480 — C=C/C=H
1580 1590 1590 1567 1577 1585
1600 1603 I605 1610
1592 1613
1626 1618 1626
Table XXII continued, 
c. 4-Hethylpyridine.
4-Mepy HiI>2Cl2 !TiL2Br2 H1I14CI2 HiL^Brg HiL4I2
484 486 489 495 496 496
515
543 542 541 541 539
669 672 674 668 668 668
714
728 720 724 725 725 724
800 800 801 812 813 810
818 820
873 877
944 9 66
984 979 1
972 962 983 997 997
997 1027 1028 1018 1019 1019
1043 1041 1043 1040
1073 1070 1072 1071 1072 1071
IO92 1105 1104 1105
1124
1153 1156 1152 1156
1115 1166 1172 1167 1170
1211 1212 1215 1208 1214 1 2 U T
1224 1232 1236 1225 1233 1232
1285 1247 1247 1300
1361
1383
1410 1416 1420
1443
1497 1497 1504 1495 1499 1504
1511
1563 1550 1558 1558
1597 1618 1623 1610 1618 1618
1664
1709
1848
1931
CH def. 
Y-subs.
ring CH 
def.
ring CH 
def,
C-CH^ sym. 
C-CH^ asym.
C = C/C=N
Table XXII continued.
d. 3.5-Butidine.
3,5-lut HiL 2CI2 !TiL4.Cl2
533 537
541 541 546
712 696 703
723 755 751
824
857 8 66 866
925
931 936 936
944 950
974 973
1013 1016 1018
1036 1033
1045 1040 1047
1144 1155 1155
1171 1171
1183 1186
1238 1247 1245
1276 1274
1342 1346 1318
1383 1385
1402
1422 1430
1456 1455
1582
1605 1603 1597
1779
1859
HIL4I2
538 536
546
705 705
752 750
869 868
926
942
977 974
1021 1015
1037
1052
1091
1159 1156
1172
1189 1186
1247 1247 _
1280
1325 1302
1380
1395
1440
1455
CH def.
’1,3>5-trisubs.1
ring CH 
def.
C-CH^ sym.
1605 1600
C-CHj asym, 
J- C=C/C=H
3* Internal pseudohalogen vibrations.
Pseudohalide ions have been shown to he amhidentate e.g. the 
thiocyanate anion may co-ordinate to a metal via the N atom or via 
the S atom, or it may act as a bridge between two metal atoms (M-NCS-M). 
It is generally supposed that the mode of bonding is largely determined 
by the class a (hard) or class b (soft) character of the metal 
atom, which may be influenced by the electron withdrawing properties 
of other ligands, namely pyridines, in the co-ordination shell.
Steric factors can also be important, the greater steric requirements 
of the bent K-SCU linkage may dictate the formation of a linear or 
nearly linear M-1TCS bond, in situations where purely electronic 
arguments would have predicted otherwise.
It has been shown that pseudohalogen complexes can form the 
same range of stereochemistries as halide complexes^3y42,71y95.
Thus 4:1 and 2*1 complexes are formed, and the latter can be either 
polymeric octahedral or tetrahedral.
I.E. studies of the internal pseudohalogen vibrations are 
quite useful in determining the bonding of the pseudohalogen group.
Three pseudohalogen frequencies are of Lise in determining the 
bonding mode of the group* these are the asymmetric vibration, 
vag, which occurs in the region 2000-2300 cm.--*-, the symmetric 
vibration, vs, which occurs in the region 1400-600 cm.--*- and the 
deformation mode, 8 , which occurs between 800-600 cm.--*-. The range 
of occurrence of these bands depends on the mass of the Group VI 
atom. The positioning of the bands within these regions depends 
on the stereochemistry of the complex and the type of bonding in
which the pseudohalogen group is involved. The i.r. evidence alone 
cannot he used to assign the “bonding mode unambiguously but it 
can provide a reasonable guide to the type of bonding involved.
Table XXIII indicates the type of correlation between band 
positions and stereochemistry which can be obtained from the 
results of other workers.
Table XXIII.
Correlation “between structure and land positions for pseudohalogen
complexes*
vas vs 5 Stereochemistry ref
a. Cyanate complexes,
rtccr 2183 1254 637,628
HCX
free
complex
ion 193
AgETCO 2170 1350 657,398 a 194
Mn( 4-GfTpy ) 2(HC0) 2 2200 1295 659,630 a Ci 71
Mn(3-dTpy)2(HC0)2 2185 1300 658,629 a °i 71
Fe(4-C$?py)2(HC0)2 2210 1295 661,622 a Ci 71
Fe(3-dfpy)2(HC0|2 2180 1305 661,622 a 71
Co(4-CNpy)2(lTC0)2 2200 1305 664,622 a V 71
Co( 3-dTpy) 2(l?CO) 2 2185 1303 667,623 a Ci 71
lTi(4-CHpy)2(!TC0)2 2210 1303 670,622 a Ci 71
Ki( 3-ClTpy) 2(lTC0) 2
2188
2180
1308
1300
625,600
671,621 a
195
71
Ivlh(3-CFpy)4(lTC0)2 2205 1335 628,620 c °h 71
Fe(3-CNpy)4(HCO)2 2216 1350 620,613 c Oh 71
Co(3-GKpy)4(lCO)2 2222 1334 620,613 c Oh 71
Fi(3-CFpy)4(lC0)2 2222 1330 620,612 c °h 71
lTipy4(^ TC0)2 2207 1315 620,615 c °h 195
lTi(4-Mepy)4(KC0) 2 2202 1320,1312 618 c °h 195
MIQ4(NCO)2 2193
1305
1320 620 c °h 195
Table XXIII continued.
vas vs 5 Stereochemistry ref
HCX complex
Copy4(lTCO)2 2203 1320 c Qh 36
m(4-Hepy )^ (1TC0) 2 2194 1319 c °h 36
M(5-Mepy)4(HCO)2 2221 1296 c °h 36
^ipy4(Nco)2 2210 1309 618 c °h 118
Zn( 4-CITpy) 2(lTC0) 2 2230 1360 623,615 c 71
Zn( 3-CNpy)2(UC0)2 2230 1360 616,611 c 71
Znpy2(lTC0)2 2230 1355 622 c V 36
Zn( 3-Mepy) 2(lC0) 2 2211 1359 c Td 36
Zn( 4-Kepy )2(UC 0)2 2222 1359 c *d 36
Cupy2(HCO)2 2208 1320 625,611 195
Cu( 4-Mepy ) 2(IC0) 2 2221 1345 617 195
Cu(4-XH2py)2(lTCD)2 2243 1320 608 195
Cu( 4-CNpy ) 2(HC0) 2 2232 1350 632,614 195
CuIQ2(1TC0)2 2209 1335 628,617 195
b. Thioc.yanate complexes.
1TCS“ 2060 750 480 £ree ion 196
2053 .749 480,470 free ion 197
Co (4-Brpy )2(PCS)2 2100 b Ci 8
Co(4-CRpy)2(lICS)2 2108 792 b Ci 71
Co( 3-CFpy) 2(HCS) 2 2105 78 6 b 71
Mpy2(lTCS)2 2110 785 b Ci 36
Co(3-CITpy)4(lTCS)2 2093 811 c 9h 71
Co(4-CITpy)4(lICS)2 2054 812 c 9h 71
Table XXIII continued
vas 5 Stere ochemistry ref
21CX complex
Copy4(lfCS)2 2070
2066
767,712
800
c Ph 196
36
Co(4-Clpy)4(HCS)2 2067 c Oh 8
Co(4-<mpy)4(ECS)2 2054 c Oh 8
!&py4(HCS)2 2100 815 c °h 198
IvInIQ4(lTCS)2 2100 860 c 9h 198
Fepy4(lTCS)2 2065 807 c Oh 82
Hi(3,4-lnt)4(HCS)2 2090,
2080
795 c Oh 40
Ui(3,5-lut)4(2?CS)2 2096 795 c Oh 40
Hipy4(HCS)2 2030 798 c Oh 36
Cupy2(FCS)2 2083
LTV
C
M
C
O ■b Oi 196
Znpy2(NCS)2 2096,
2075
847 c ?d 36
Zn( 4-Mepy ) 2(lICS ) 2 2094 c Ta 23
Zn( 2-Mepy ) 2 (1TCS) 2 2090,
2066
c Td 23
c. Selenocyanate complexes.
Hipy4(lICSe)2 2088 664 c °h 118
Copy4(HCSe)2 2073 c °h 199
d. Azide complexes.
2Ta+I^“ 2189 1358 644,628 free ion 71
Table XXIII continued.
vas vs 5 Stereochemistry ref
HCX complex
Mu( 4-CHpy ) 2(^ 5 ) 2 2G90 1351 642,610 a Ci 71
l ^ - C F p y ^ H ^ 2090 1330 64-0,603 a Ci 71
Hi (4-C2Tpy) 2 (% ) 2 2085 1500 670,603 a Ci 71
^ 2(^)2 2050 b ci 149
Stereochemistry of HGX ion:
a. M ~  H - M  h. M - IT' - C - X - M c. M ~ H ~ C - X'
I
C
I
X
Talle XXIF.
Band, positions of pseudohalogen complexes prepared in this work
a, 4-Vinylpyridine c omplexe s,
vas vs 6
FeB4(lTC0)2 2210 1332 623
CoL4(KC0)2 2210 1325 619
UiL4(lTCO)2 2210 1314 615
MnL2(lTC0)2 2200 1325,1305 654,633,625
Cu£2(FC0)2 2230 1351,1344 6l6
ZhL2(FC0)2 2200 1356 623,615
2050 813 485
FeL4(lTCS)2 2053 813 483
CoL4(KCS)2 2090 - 481
lTiL4(FCS)2 2080 - 488
FiL2(FCS)2 2110 790,782 470
CuI2(HCS)2 2120 816 470
ZnL2(FCS)2 2062 - 479
FeL2(F^)2 2090 1335,1294 656,644,608
m &l2(k3)2 2100 1339,1285 651,645,615,
CoL2(H^)2 2135 1349,1297 665,620,602
m l 2(f$)2 2070 1365,1305 677,670,623,
CuL2(%) 2 2070 1337,1307 604
"b. 2-Vmylpyridine complexes.
CoL2(FCS)2 2078,2055 847,833 477
CuL(1TC0)2 2230,2200 1316 617
cm.
The i.r. spectra have proved to he useful in the recognition 
of the mode of co-ordination of the pseudohalogen ions. It is 
generally observed, for the cyanate and thiocyanate ions, that 
when these ions are involved in bridging, the pseudoasymmetric 
stretch, va s , increases in frequency and the pseudosymmetric stretch, 
vs , decreases in frequency relative to those frequencies in the 
terminally bonded M-1TCX complexes. It is also observed that vg 
decreases in intensity on bridging.
The pseudohalide ions may be considered as resonance hybrids, 
including the forms:
—  —  2—  +
1T-C-X 2\T=  C =X F - C - X
and because of the similar masses of the atoms (except in the case 
of HCS) and the similar force constants of the bonds, v ag and vg 
cannot be assigned to any one particular bond i.e. 2T-C or C-X. As 
a result i.r. methods alone are insufficient to distinguish between 
the two possible types of bridging configuration possible:
X
I
C 21—  C — X
/ \
IT M M
/ \
M M
a. b.
Crystal structures of azide^49 and thiocyanate bridging complexes 
have shown the presence of pseudohalogen bridges of the type b.
Powder photographs of bridging cyanate complexes differ from those 
of the related thiocyanate complexes, and together with other 
evidence, namely i.r. and magnetic, it is suggested that the cyanate 
anion forms bridges of type
Discussion of i.r. results.
The i.r. results obtained for the 2- and 4-vinylpyridine 
complexes are in close agreement with those found in the literature 
for similar complexes.
Some differences were observed between the i.r. spectra of the 
free and complexed ligands although this consisted mainly of slight 
movements of bands and splittings. The far i.r. spectra were the 
most difficult to. interpret due to the fact that mixing of the 
various modes occurred. The most easily interpretable far i.r. 
spectra came from the complexes of symmetry. Three i.r. active 
bands are expected in the spectrum and in general these were observed. 
The 4:1 complexes of D ^  symmetry theoretically should exhibit 
only two bands in the far i.r. spectrum. This was generally true 
once deformations and ligand modes had been taken into account 
and the general trend of decreasing frequency of the metal-halogen 
vibrations with increasing halogen mass was observable. The 2:1 
polymeric halogen-bridged species in general also corresponded 
fairly well with theory although both metal-pyridine and metal-halogen 
peaks were sometimes somewhat indistinct.
b. Raman spectra.
The complete vibrational spectrum is frequently only accessible 
through a combination of the i.r. and Raman data. Thus for an almost 
complete knowledge of the vibrational characteristics of a molecule 
both the i.r. and Raman spectra should be recorded.
Raman spectroscopy is a second order scattering phenomenon.
Thus in the case of Rayleigh (elastic) scattering the incident 
light creates an oscillating dipole in the molecule, leading to 
radiation of light of the same frequency as that of the incident 
radiation. Because the atoms of the molecule are in motion, a second 
order effect is present such that the scattered radiation contains 
frequencies (v +  A v )  and (v  - A v ) ,  where Av corresponds to a vibrational 
transition. The presence of frequencies v+Av  and v - A v  constitute 
inelastic scattering (Raman). Like i.r. spectroscopy, Raman 
spectroscopy is a means of examining atomic motion within a molecule. 
However, the two phenomena are quite distinct since for i.r. activity 
the molecule must exhibit a change in dipole moment during the 
vibration concerned, whereas for Raman activity a change in 
polarisability in the molecule must occur.
Two recent improvements which are now allowing Raman spectroscopy 
to widen its scope and become an important analytical tool are the 
development of efficient double monochromator spectrometers and 
the introduction of lasers as monochromatic sources. Prior to the 
introduction of lasers, discharge lamps were the only readily 
available sources and these gave rise to numerous difficulties.
The overall intensity of the laser beam enables the Raman spectra
to be recorded at considerably lower amplification and with a smaller 
spectral slit width than with discharge excitation. Fluorescence 
effects cause rather less trouble with the laser than the arc, 
spurious lines due to the source are diminished in number and in 
general laser excitation means that the spectra of a greater number 
of coloured compounds can be obtained than with mercury arc 
excitation. (Blue-green compounds require the green exciting lines 
51459 4480 A of the argon ion laser, for others the red line 6328 A 
of the He/He laser is suitable)20® 9 201. The development of efficient 
double monochromator spectrometers enabled a greater segregation 
of Raman radiation from Rayleigh radiation to be obtained. Hence 
weak Raman active bands near the laser exciting line can be 
adequately recorded.
The application of laser Raman spectroscopy to chemistry has 
been the subject of several recent reviews and books^l-205#
Comparison of I.R. and Raman results.
As stated previously, vibrations in molecules may be i.r. active, 
Raman active, completely inactive or both i.r. and Raman active 
depending on whether a change in polarisability or dipole moment 
occurs during the vibration of a particular bond. For complete 
assignments of both the i.r. and Raman spectra, a full vibrational 
analysis of the molecule is required. Tentative qualitative 
comparisons of the spectra are given in Table XXV. Noticeably in 
the region 2000-600 cm.“I most bands i.e. the internal ligand 
vibrations are found to be both i.r. and Raman active. It is found 
however that intensities of the bands in the two spectra usually 
differ. Ehis is especially noticeable in the case of the vinyl 
C= C stretching vibration. In the i.r. only a weak shoulder is 
usually observed, but in the Raman a strong band is recorded. All 
pseudohalogen modes are i.r. active only and thus do not appear 
in the Raman spectra. It appears that most metal-pyridine vibrations 
are both i.r. and Raman active, though since an intensive study 
of a large series of compounds was not made, these bands are still 
somewhat tentative in nature.
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Table XXV\
Comparison of I.R. and Raman spectra.
a. 4-Tinylpyridine complexes. 
Mal^ Cl 2 MnLgB^
i.r. Raman i.r. Raman i.r. Raman
I63I 1635 1! 799 800 1639 1642
1613 I615 670 670 I616 1621
1545 1550 449 451 1550 1556
1503 1509 267 253 1515 1510
1427 1451 230 224 1435
1420 220 1422 1421
1342 1542
1308
191 212
Mn-IT
199
1360
1350
1237 1233 114 109 1250
1207 1212 1222 1231
1030 1030 1206 1212
1011 1009 1013 1018
798 800
649
650
797 808
680
659
455 453 454 457
263 260
222
228
202
222
199
214 218
211
Mn-IT
17 6
190
182
199 207 
196 .
Mn-H
157
(c=c)
Mn-R^
Mn-N
Table XXT continued*
ZnL2Cl2 ZnL2Br2 ZnL2I2
i.r. Raman i.r. Raman i.r. Raman
1629 1658
<3,si'CMtf\"3* 1651 1652
1618 1618 265 260 1619 1618
1545 1550 218 215 1545 1548
1502 1508 204 200 1504 1507
1428 1455 195 191 1451 1432
1415 1422 I69 1418 1420
1540 148 1338
1505 102 1305 1307
1247 1252 1285
1209 1249 1252
1071 1227 1226
1055 1040 1210
1019 1025 1114
875 871 1068 1070
846 854 1055 1057
8O3 808 1022 1022
668 670 951 952
298 502 872 872
184 182 848 850
804 805
667 670
644 ^45
57 6 575
462 465
Table XX? continued, 
b. 2-Tinylpyridine complexes. 
ZnL2Cl2
i.r. Raman
798 799
788 790
644 647
578 580
487 483
296
274
219
215
191
141
90
ZnL2Br2 
i.r. Raman 
797 800 
786 790
646 648
578 581
491 490
441 
428 
278 
222 221 
197 
188 
179 
160 
146 
110 
100
ZnL2I2
i.r. Raman
I63I 
1603 1607 
1558 1567 
1490 1484 
1445 1441 
1425 1420 
1505 1310 
1245 
1230 1231 
1170 1166 
1063 IO64 
1020 1021 
986 990
951 948
795 790
646 650
575 581
491 
428 
279 
218 
196 
159 
140 
110
ELECTRONIC SPECTRA.
2. Electronic spectra.
The electronic spectra exhibited by transition metal ions are 
dependent on the oxidation state of the metal ion, i.e. the number 
of d electrons in the ion; the stereochemistry of the complex 
formed and the donor strength of the ligands in the co-ordination 
sphere. These factors together determine the arrangement of d electrons 
within the d orbitals and hence the spectrum. Thus, in this section, 
each member of the first row transition metals will be dealt with 
in turn in an attempt to relate the type of spectrum observed with 
the three factors outlined above.
a. Titanium.
The ground free ion term for d^ titanium(ll) is 3p, this becoming 
T^]_g in an octahedral environment.
Tery little work has been carried out on the electronic spectra 
of titanium(ll) complexes. The spectra of TiCl2 and TiB^ were 
found to be dominated by a rising absorption into the TJ.T. on 
which there were superimposed several shoulders^. The electronic 
spectrum of Tipy2Cl2 has a band at 24.4 kK in the solid state and 
at 25.2 kK in pyridine.
b. Tanadium.
The ground term for d3 vanadium(ll) is and the octahedral 
spin-free ground state is 4&2g.
For six co-ordinate vanadium(ll) it has been found that three 
bands are observed in the electronic spectrum of vanadium(ll) in 
0^ symmetry, namely:
4Tlg(F) <--- %2g v2
4Tlg(P) < 4A2g v3
Under tetragonal symmetry (D^) the ^2g ^lg(^) levels
of 0^ symmetry are split into %g, ^®2g an<^  ^ 2g components
respectively, Chis splitting has been observed in systems of the 
type T(H20)^X2^06# a similar splitting of transitions might be 
expected to occur in 4tl pyridine complexes, and this general trend 
has been observed in this type of system^^0.
4Tig(F) 4rig(p) ref.
VC12.4H20 9.9, 11.6 14.2, 17.1 24.9 206a,b
TCI 2 9.0 14.0 21,5 207
TP7AC12 14.3 19.0 58
g . Chromium.
Che ground term for dfi chromium(ll) in low-spin complexes is 
%  and 5D in high-spin complexes, Che octahedral spin-free ground 
term is **E ,
A regular octahedral chromium(ll) complex would be expected 
to exhibit a single spin-allowed absorption band corresponding 
to the transition, %!g. As a consequence of the Jahn-Celler
effect this band usually broadens and may exhibit resolution into 
several components. Many chromium(ll) derivatives have been shown 
to be isomorphous with their copper(ll) analogues, Chree absorption 
bands may be expected^? 65 y
Table XXVT.
Electronic spectra of Chromium(II) complexes>
5llg ( % 2g
Crpy2Cl2 H.T. 10.52 14.60
L.T. 10.80 15.05
Crpy2Br2 R.T. 10.50 14.00
L.T. 10.50 14.50
Crpy6Br2 R.T. 12.10 17.15
L.T. 11.60 17.00
Crpy^I2 R.T. 12.50
L.T. 12.10
Crpy6I2 R.T. 12.50 17.10
L.T. 12.75 17.00
CrCl2.4H20 R.T. 10.0 14.7
L.T. 10.0 15.1, 16.0
d. Manganese >
The electronic spectrum of high-spin manganese(ll) consists 
of a number of very weak spin-forbidden bands. This is because 
the ground state of the d^ system in a weak octahedral field has 
one electron in each d orbital, with spins parallel, giving rise 
to a spin sexbuplet, ^S. This is the only sextuplet state possible, 
because every alteration of the electron distribution from
X o
*2g eg sPins parallel results in the pairing of two or four
spins thus giving rise to quartet or doublet states. Hence all 
excited states of the d^ system have different spin multiplicity 
from the ground state and transitions to them are spin-forbidden.
Because of weak spin-orbit interactions, such transitions are not 
totally absent, hut give rise to weak absorption bands.
Because of the weakness of the d-d transitions, bands due to 
these transitions are only rarely visible in the spectra of 
manganese(II) complexes with organic ligands. This is due to the 
fact that even a weak tail-off of the ligand absorption into the 
visible region is sufficient to mask the manganese(il) bands. As 
a result few spectra have been reported.
The spectra of the compounds prepared in this work are given 
in Table XXVII.
Table XXVII.
Electronic spectra and assignments of manganese(II) complexes.
( ) - low temperature (liquid nitrogen) results.
kX
S.gC0) %,(G) 4Alg(G),4Eg(G) 4T2g(D) 4% ( B) \g<?)
J.aiBs2 ( W . )  1 8 .9  2 2 .6  2 4 .0 ,2 4 .1 ,2 4 .3  2 7 .3 5  2 8 .9  3 1 -2 5  3 6 .9
2 4 .4
Mn(4-Ypy)2Cl2 18.95 23.7
(18.85 23-6)
I.fti(4-7py)^ Br2 18.9 23-55
(18.8 23.4
I4a(4-L)2(H3)2 16.4,19'.8
(16.3,20,.3 23.0)
Ma(4-L)2(HC0)2(17.5) 
Mh(4-L)4(HCS)2 19.45
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Figure IU
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b A /in4-Vpy2 Br2
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The ground term for d^ iron(ll) is ^2g higk-spin complexes 
and ^ ig in low-spin complexes. The free ion ground term is D^.
Six co-ordinate, octahedral iron(ll) complexes exhibit a broad 
absorption band which is often clearly split into two components, 
believed to represent transitions to the 5s state whose degeneracyO
has been lifted by the Jahn-Teller effect (Eg in 0^ becomes A^g+B^g 
in D^). It is found that in complexes of the type FeL4X2, 
greater the dissimilarity of the ligand field characteristics of 
the L and X ligands, the greater will be the splitting of the 
spin-allowed transition.
In view of the ease of oxidation of iron(ll) complexes, many 
six co-ordinate derivatives exhibit charge transfer bands 
predominantly of the metal-to-ligand type, which give rise to the 
yellow to intense red colours associated with this type of complex. 
Table XXVIII.
Electronic spectra and assignments of iron(ll) complexes?^? 0^0.
( ) - low temperature (liquid nitrogen) results.
1<K
5Eg <-5T2g \  *%2e
Fe(H20)42>cti 6.8, 11.0 Fepy4l2 5.80,11.35
Fepy4Cl2 8.55,10*30 Fepy6I2 5.15,11.35
8.50,10.70 Fepy4(lTC0)2 9.20,12.65
(9.10,10.90) l’epy6(HCO)2 9.50,12.70
Fepy4Br2 7.75,10.30 fepy4(ECS)2 9.90,11.25
7.75,10.65 Fepy4(KCSe)2 9.90,11.20
Fepy6Br2 7.00,10.60 Fe( 3-Mepy )4Br2 7.50,11.00
Table XXVTII continued.
Pe(4-Mepy)^Cl2 6.70,11.00 Fe(5,5-Clpy)2Cl2 6.50,9.53
8.70,10.75 Fe(5,5-Clpy)^Br2 5.88,9.05
Fe(4-Mepy)4I2 5.50,11.40 FepyCl2 5.95,8.57
Fe( 4-Mepy)4(HCS)2 9.70,11.50 FeQ2Cl2 5.50
Fe(4-Mepy)5(HCS)2 9.70,11.50 FeQ2Br2 5.10
Fe (4-Mepy )4(UCSe ) 2 9.70,11.45
Fe(4-Mepy)5(lCSe)2 9.65,11.50
FeIQ4Cl2 9.10,10.95
8.70,11.10
(9.10,11.20)
FeIQ4Br2 7.80,11.45
7.20,10.90
(7.60,11.10)
FeIQ4I2 5.90,11.75
FeIQ4(HC0)2 9.75,13.00
FeIQ4(HCS)2 9.50,11.80
9.70,11.50
FeIQ4(BGSe)2 9.80,11.60
Fepy2d 2 5.85,9.90
5.30,9.50
(5.70,9.90)
Fepy2Br2 5.20,9.55
Fe( 4-OTpy ) 2C12 6.25,9.85
Fe (4- CNpy ) 2Br2 5.85,9.75
A
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Figure 11
Reflectance spectra Iron complexes ( low temp.)
L=4-Vpy
Fe L. NCS.
Fe LAN
RT
Fe L0CI
15 10 5
kK
Table 3QCIX.
Electronic spectra and assignments of iron(ll) complexes3^. 
( ) - low temperature (liquid nitrogen) results.
kK
Fe(4-Vpy)2Cl2 5.6, 9.65
(5.9, 9.65)
Fe(4-Vpy)2(Hj)2 7.85, 9.95
(8.25, 10.1)
Fe(4-vpy)4(irco)2 9.6, 12.95
(10.1, 15.1)
Fe(4-Tpy)4(HCS)2 11.0 
(oil.2)
s - Present work, 
f. Cobalt.
The ground term for d? cobalt(ll) is high-spin complexes,
n
becoming G in low-spin complexes. The octahedral spin-free ground 
term is ^Tpg.
Six co-ordinate, high-spin cobalt(ll) exhibits three spin-allowed 
bands in the visible-U.V. region; these and their assignments ares
vi 8 - 9  ^
4A2g(p) <— %,(]?) v2 16 _ 18
4Tig(P) vj 20-21
The band is usually found to be a multiple band due to 
overlapping with bands due to spin-forbidden transitions to doublet
states derived principally from the free ion ^G and %  terms.
Various factors have been put forward to explain why the v 2 
band is also usually multiple. These are vibrational phenomena,
spin-orbit coupling, low symmetry splitting of the ^Tig(P) term, 
or transitions to doublet states* Low temperature studies2^  seem 
to indicate that the last possibility is most likely.
In theory, the transition energy ratio v2/vl should be almost 
invariant at 2.1 - 2*2 as derived from the equations2-1-0:
v-^ — 8.Lq
v2 ^  18*Lq
— 6.Lq 4- 15*P
Thus if v-j_ is observed, the position of V2 can be predicted.
In the electronic spectra of tetrahedral, four co-ordinate 
cobalt(ll) complexes, two absorption bands appear in the near i.r. 
and visible regions: due to the ^T^(P) transition, and V2
due to the transition. The breadth and splitting of
these bands has been attributed to a dynamic Jahn-Teller effect
in the excited states combined with the possibility of intermixing of 
spin-forbidden quartet-doublet transitions with the spin-allowed 
bands•
There has been some confusion in the literature over the 
position of the v^ band i.e. the % 2 <“^ L2 transition. In general 
it is thought to occur well into the i.r. region, between 4.6-3*5 kK23--1-. 
It is electronically forbidden in regular C0L4 derivatives 
and although it is vibronically allowed, it is expected to be very 
weak. It is observed that the interactions of the bands in 
tetrahedral cobalt(ll) complexes are much greater than those of 
six co-ordinate complexes, molar extinction coefficients being 
about 100 times greater. This arises because of the miring of p
orbitals (which transform as 12 in T^) with d orbitals of 12 
symmetry, and p-d mixing by covalent bond formation.
Che electronic spectra of a large number of cobalt(ll) complexes 
have been reported, the results being given in Table XXX, together 
with the results of more detailed studies, i.e. polarisation 
studies*^’^ "5, and of studies confined to the near i.r. region^*4»215# 
The near i.r. components have been tentatively assigned as 
^A2 ^A]_, ‘wi'fck increasing energy*^. It is
also found that the term drops in energy by as much as 1000 cm.~^ 
when a sterically hindered amine is employed and this is related 
to the lengthening of the Co-IT bond.
Table XXX.
Electronic spectra and assignments of cobaltfll) complexes (literature 
values).
XK
a. Tetrahedral (2:1).
4t1(i) <-4a2 4t x(p )<-4a 2
Co(2-Clpy)2Cl2 6.1,7.2,8.7 15.9,17.2
Co(2-Clpy)2Br2 6.0,7.0,7*8 15.7
Co(2-Clpy)2l2 5*7,6.7,7»8 15.0,15.8
Co(2-Brpy)2Cl2 6.1,7.3,8.6 15.7,17.1
Co(2-Brpy)2Br2 6.1,7.0,8.2 15.5
Co(2-Brpy)2l2 6.1,7.0,9.0 14.6,15.5,16 .0
Co(4-Clpy)2l2 4*6 14.5
Co(2-Etpy)^Br2 5.7,6.7,8 .5 15.1,15.7,16.7
Co(2-Etpy)2l2 6.5,8.0 14.4,15.1,16 .0
Co(2-Etpy)2(hTCS) 2 7.4,8.2,9.2 16.0,16.6,17.7
Co(4-Etpy)2Br2 6.0,6.9,9*3 15.4,15.8,16.7
Table XXX continued.
^( F )  <rA.A2
Co(4-Etpy)2l2 5.9,6.8,8.9
Co(4-Mepy)2(NC0)2 6.7,7.9,10.2
Co( 2-Mepy) 2(ECSe ) 2 8.3,9.3
Co( 2-pentylpy) 2OTCS ) 2 7.3,8.2,9-4
Copy 2 1^2 6.1,7.0,9.5
Co(3-Etpy)2Cl2 6.3,7.2,9.7
Co(4-Etpy)2Cl2 6.2,7.3,9.6
Co(2-Mepy)2Cl2 6.2,7.1,9.1
C0IQ2CI2 6.2,7.1,9.6
C0Q28I2 5.9,7.2,8.8
Co( 2-pentylpy) 2CI2 6.1,7.1,9.0
Copy2Br2 5.9,7.1,9.3
Co(3-Etpy)2Br2 6.0,6.9,9.3
Co(2-Mepy)2Br2 5.8,6.9,8.5
CoIQ2Br2 5.9,6.8,9.3
CoQ^B^ 5.9,6.9,8.7
Co(2-pentylpy)2Br2 6.0,6.9,8.7
Copy2l2 5.9,6.8,8.8
Co(3-Etpy)2l2 5.8,6.7,9.0
Co( 2-Mepy) 2l2 5.9,6.6,8.1
C0IQ2I2 5.9,6.7,9.0
C0Q2B2 5.9,6.7,8.1
Co( 2-pentylpy) 2l2 6.6,8.2
Copy2(KC0) 2 6.7,7.8,10.4
Co(3-Mepy)2(BC0)2 6.8,7.9,10.3
Co( 2-Mepy ) 2 (EC 0) 2 6.8,7.9,9.5
Co( 3-Mepy ) 2(ECS ) 2 7.2,8.3,10.1
4t1(p )«-4a 2
14.5,15.2,16.0
15.3,15.9,17.1,18.1
16.2,16.5
15.9,16.4,17.6
Table XXX continued,
4T1(F)-t-4A2 4T1(P)<-4A2
Co(2-Mepy)2(ECS)2 7.2,8.2,9.5
(Et/jJI) (pyCoClj) 7.2,8.0 15.3,15.9,16.8
(Ety|lT)(pyCoBrj) 6.6,7.6 14.8,15*5,16.3
Co(2-7py)2Cl2 15.3,16.0,16.3,17.2
Co(4-7py)2Cl2 15.1,15.7,16.9
Co(2,3-lut)2C3.2 6.4,7.3,8.9 16.4
Co(2,4-lut)2Cl2 6.4,7.2,9.0 16.2
Co(3,4-lut)2Cl2 6.2,7.1,9.5 16.2
Co(3,5-lut)2Cl2 6.2,6.9,9.5 16.4
t>. Polymeric octahedral (2:1).
4T2g<-4Tig 4A2s^ 4®lg 4^lg(l>)«-4Tlg
Co(3-Bipy)2C12 6.5,8.9 14.7,16.4 18.0,18.9
CoO-Brpy)^^ 5.6,8.2 12.6,15.2 17.4,18.3
Co(4-Clpy)2Cl2 6.2,8.7 14.7,16.1 17.9,18.9
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Reflectance Spectra -  low temp. Figure 12
a C o ^ -V p y ^ C I^  
b C o 4 ~ V Py4 Br2
kK
Figure 13
Reflectance S pectr
P Ctra~ room temp.
a C o 2 ~Vpy Cl 
2 2
b °02-Vpy2Br2 
° Co2-Vpy2l2
Table XXXI.
Electronic spectra and assignments of cobalt(ll) complexes5*.
( ) - low temperature
a. Octahedral.
Co(4-Ypy)2Cl2
Co (4-Ypy ) 2(^3 ) 2
Co(4-Vpy)4Cl2
Co(4-Vpy)4Br2
Co(4-Ypy)4I2
Co(4-Ypy)4(NC0)2
Co(4-Vpy)4(ECS)2
(liquid nitrogen) results. 
kK
4T2g 4A2g 4Tlg(P)
6.1,8.0 15.9 18.05,18.9,19.8
(6.2,8.8 15.1,16.15 18.55,19.05,19.9)
8.05 17.4,18.1,18.8,20.2
(8.15 17.45,18.2,19.0,20.2)
7.3,8.6,9.55 18.2,18.95,19.8
(7.2,8.95 18.4,19.05,20.05)
6.0,8.6 17.8,18.45,19.0
(6.2,8.8 17.8,18.6,19.2)
5.55,8.3 13.25,15.05 17.4,18.4
(5.4,8.55 13.05,15.2 17.6,18.5)
9.4 15.65 18.25,19.65,
20.8,21.6
(9.8 15.6 18.3,19.7,20.05,
21.05,22.0)
9.6 15.6 18.6,20.35,21.2
(9.9 15.6 19.8,20.5,21.4)
x - present work.
Table XXXI, continued,
b. Tetrahedral.
' ^ ( P ) S C p)
Co(4-Ypy)^Br2 5.2,5.75,6.2,9.2 14.9,16.05,16.8
(6.05,7.0,7.25,9.4 15.05,15.9,16.8)
Co(4-Vpy)2I2 5.9,6.85,8.95 14.6,15.05,15.95
(5.85,6.85,9.15 14.7,15.2,16.1)
Co(2-Tpy)2Cl2 6.05,7.2,9.0 15.2,16.0,17.4
(6.05,7.35,9.2 16.0,17.4)
Co(2-Ypy)^Br2 5.85,7.0,7.3,8.7 15.4,16.65
(5.9,6.8,7.3,8.5 15.5,16.7)
Co(2-Ypy)2l2 5.85,6.7,8.1 14.5,15.2,16.3
(5.75,6.8,8.2 14.55,15.2,16.25)
Co(2-Vpy)2(HCS)2 5.65,6.8,7.55,9.05 I5i4,16.95
(5.6,7.0,8.25 15.8,17.1)
g. ITickel.
Six co-ordinate, octahedral nickel(il) complexes exhibit a
simple spectrum involving three spin-allowed transitions to the
T^2g* ^lg(y) ^LgC^) leve^s ^  ranges 7-13 kK (v^ ),
11-20 kK (vg) and 19-27 kK (v^ ) respectively. In addition two spin-
1 1
forbidden bands to Eg and ^2g are frequently observed. Molar 
extinction coefficients for the spin-allowed bands are in the region 
of 1 1. cm.--*- mole"-*-.
In general, tetrahedral nickel complexes have a multiple
O i l
visible band of about 10 1. cm.” mole intensity near 16 kK,
assigned to a near band of intensity
about 20 1. cm.“-*- mole"-*- near 8 kK assigned to V2 (^A2<-^ Tq).
The majority of square-planar complexes exhibit a strong
absorption band, 50-500 1. cm.--*- mole--*-, in the visible region
between 15 and 25 kK and in many cases a second more intense band
between 25-30 kK.
Absorption bands and assignments as reported in the literature 
10,19,28,59,40,42,112,115,120,121,132,154,135,218,220 ^  shown
in Table XXXII.
Table XXXII.
Electronic spectra and assignments of nickel(II) complexes (literature
values).
kK
a. Octahedral (4:l)»
3T2g(P) \ ( V )  \g(*) ^ ( p )
3^g ^2g "^ lg ®^lg -^2g ®^g
Nipy4Cl2 9.04 11.73 12.62 12.84 14.93 16.82 26.76
10.80 15.80 25.64
9.5 15.9 25.7
Hipy4Br2 8.43 H.49 12.26 12.45 14.08 16.59 26.05
10.2-10.6 11.20 12.50 15.62 20.70,25.5
Mpy4I2 11.10 12.50-15.20 15.87 19.20,
25.50,26.0
lTipy4(lTC0)2 16.56 26.88
Mpy4(l?CS)2 10.47 12.80 16.95
10.45 12.80 16.90 22.20,27.2
10.2 16,6 26.7
Hipy4(ECSe)2 10.60 12.80 17.24
Hi(5-Mepy)4Cl2 14.50,15.75 25.30
14.30,15.90 25.64
15.6 25.6
m(5-Mepy)4Br2 11.50 I5.8O 20.40,25.5
12.50 15.80 25.50
15.6 25.0
Hi(5-Mepy)4I2 10.0 - 15.0 16.05 25.50,25.6
lTi(5-Hepy)4(EC0)2 15.00 16.58 26.80
Table XXXII continued*
% g(B) 2Tig(F) 5®lg(F)
5Eg 5B2g lAlg lBlg 5A2g
M(3-Mepy)4(3JCS)2 10*40 12.70 16.90 22.50,27.0
l?i(3-Mepy)4(UCSe)2 10.55 12.80 17.20
Hi ( 4-Mepy ) 4CI2 14.50,15.90
15.9
25.64
25.6
M(4-Mepy)4Br2 12.50 15.80 
15.7
25.50
25.5
M(4-Mepy)4I2 14.70,15.90 19.00,
25.50,26.5
Hi( 4-Mepy) 4(HCO) 2 15.00 16.58 26.80
Hi(4-Mepy)4(BCS)2 10.50 12.70 17.10 22.50
l?i(4-Mepy)4(HCSe)2 10.60 12.80 17.25
Hi(3,4-lut)4Cl2 15.75 25.58
Hi (4-HH2py ) 4C12 15.9 26.5
Hi(4-HH2py) 4Br2 9.4 16.1 26.0
BiIQ4(BCS)2 10.50 12.90 17.15 22.50
b. Polymeric octahedral (2:1)*
^ ( F ) 5lig(P) 5?lg(p)
ft'. \ " ^A 2g
lTipy2Cl2 6.27 8.62 15.50 14.49 25.40 24.70
12.50 15.99 22.00 24.10
12.8 14.0 25.0 24.2
6.00 8.40 12.20 15.90 22.20 24.10
Bipy2Br2 6.04 8.50 12.8 14.24 22.64 25.91
11.90 15.85 20.00 25.55
5.80 8.00 11.60 15.70 19.80,21.40 25.55
Table XXXII continued.
S g W 3?lg(l
^ g E^g A^ 2g
Hipy2(JSr5)2 11.5 15.58,15.87 21.1 25.0
Eipy2(ECS)2 10-12 13.5 16.5 24.0
Hipy2(HCSe)2 13.55 16.53 23.26
Hi( 3-Mepy) 2C12 12.30 14.18 22.00 24.27
6.20 8.50 12.35 14.30
13.9 23.2
Hi ( 3-Mepy) 2Br2 11.90 13.33 20.00 23.53
5.90 8.00 11.60 13.70
13.3 23.2
Hi( 3-Mepy) 2(H5)2 11.6 15.27,15.87 21.1 24.8
Hi( 3-Mepy) 2(HCS)2 10-12 12.5 15.3
Hi( 4-Mepy) 2C12 13.6 23.8
12.40 13.95 21.80 23.98
Hi(4-Mepy)2Br2 5.70 8.00 11.60 13.70
12.10 13.76 19.60 23.42
Hi(4-Hepy)2(H^)2 11.6 15.27,15.9 20.9 25.1
Hi(3-Etpy)2Cl2 11.63 13.42 21.74 23.58
Hi(3-Etpy)2Br2 IO.99 12.97 18.87 23.00
Hi(3-Brpy)2Cl2 6.2 8.5 12.3 14.1 24.1
Hi(3-Brpy) ^Br2 6.0 8.0 11.4 13.3 23.0
Hi(4-Clpy)2Cl2 6.2 8.5 12.3 14.1 24.1
Hi(4-Clpy)2Br2 6.0 8.2 11.4 13.7 20.0 23.8
Hi(3-CHpy)2Cl2 8.93 12.5 14.3 24.4
Hi(3-CHpy)2Br2 8.62 11.8 14.0 20.2 23.5
Tahle XXXII continued.
3*2g« 3%(P) 1T2g(3>)
^ g  \ \  5A2g
Mi( 4-CMpy ) 2^2 8.77 12.4 14.5 24.4
Hi (4-CMpy) 8.37 11.7 14.0 20.0 25.5
HiIQ2Cl2 12.27 15.91 22.73 24.10
5.90 8.30 12.30 13.80
MilQ^ iBr;? 11.49 15.64 21.74 25.42
5.80 8.00 11.50 13.60
HiIQ2(H5)2 11.6 15.27,16.0 20.9
MiQ2Cl2 12.0 13.15 19.2 22.7
6.00 7.55 12.00 13.15 19.20 22.70
c. Tetrahedral (2:1).
3a 2 1E 5Ti(p ) 1t2
Kipy2I2 10.20 10.87 16.67 22.20
Ni( 3-Mepy) 2I2 10.10 10.81 15.87,16.67 22.20
Mi (4-Mepy )2I2 10.05 10.81 16.39 22.20
Mi(2,3-lut)2Cl2 10.23 17.04
10.3 11.4 17.2
Mi(2,3-lut)2Br2 10.05 15.53
10.5 11.45 16.5
Mi (2,4-l"ut) 2C12 10.31 17.15
10.5 11.5 17.5
Mi(2,4-1ut)2Br2 10.25 I6.64
10.42 11.50 17.42
10.5 11.25 16.6
Mi(2,5-lut)2Cl2 18.02
Mi(2,5-lut)/>Br2 17.59
Tahle XXXII continued, 
d. Square-planar (4:1 and 2*1).
V1 v2
Hi(4-BHgpy)4 Br2 23.2
Mi(4-I;3H2Py)4 *2 23.2
Mi(3,4-lut)4 I2 10.00,10.87, 22.47
15.75,16.98
Ui(2,3-1ut)2I2 9.88,10.61 16.26
Mi(2,4-lut)2I2 9.85,10.70 16.39
Mi( 2,5-lut)2Cl2 j; 18.02
Mi( 2,5-lut) ^Br2 17*59
Mi(2,5-lut)2l2 9.90,10.64 16.29
v 5
26.52
flable XXXIII.
Electronic spectra and assignments of nickel(ll) completes3*.
( ) - low temperature (liquid nitrogen) results*
MKT
a. Octahedral (4:1).
5rp;2g(F) \ ( V ) .(F) :l% g(G) 35(Lg(P)
\
CM
K"\
^ ig 1;Blg 3A2g .Dig
I?ipy4Cl2 8.5 10.2 12.4 15.95 21.55 25.65
(8.6 11.35 12.4 14*6 16.4 21.6 26.55)
Hipy4Br2 8.0 10.8 12.2 13.8 15.5 20.4 25.05
(8.25 11.25 12.2 13.9 16.2 20.7 25.6)
lfipy4I2 7.25 11.75 10.7 12.7 15.55 19.2
(7.7 11.7 10.8 12.8 16.05 19.6)
lTi( 3-Mepy) 4C12 8.4 10.35 12.55 15.4 21.2 25.55
(8.6 10.85 12.6 14.45 16.2 21.35 25.9)
lli( 3-Mepy )4Br2 7.75 11.2 12.3 13.3 15.6 20.25 25.8
(7.95 11.4 12.4 13.75 16.05 20.45 25.6)
Fi( 3-Mepy )4l2 7.5 11.65 10.9 13.0 15.65 19.6
(7.7 12.05 10.8 13.05 16.05 19.4)
Hi( 4-Mepy )4012 8.4 10.9 12.6 15.85 21.05 25.6
(8.45 11.4 12.6 14.6 16.45 21.3 26.15)
Hi (4-Mepy)4Br2 7.55 11.3 13.3 15.6 20.0 25.4
(7.7 11.4 12.55 13.5 16.2 20.4 25.8)
Ni (4-Mepy )412 7.2 11.65 11.05 12.55 15.6 19.4
(7.5 11.75 11.2 12.8 I6.25 19.6,20.4)
lTi(3,5-lut)4Cl2 8.55 10.55 11.5 12.45 15.6 21.2 25.45
(8.4 11.1 11.6 12.5 14.6 16.2 21.4 26.0)
* - present work.
Table XXXIII continued.
3*2g(F) \ Q > )  3Tlg(F) ^ ls(G) \ g0?)
3n>g % 2g lAlg 1;Blg A^2g
Hi(3,5-lut)4Br2 7.8 10.95 12.2 15.4 15.6 20.3 25.I
(8.05 11.4 12.2 13.8 16.0 20.6 25.5)
M(3,5-lut)4I2 7.6 H.75 10.8 13.1 15.6
(8.0 11.6 11.05 13.55 16.1 20.5)
XiIQ^Cl2 8.6 10.5 12.5 14.55 15.95 21.55
(8.7 11.2 12.4 14.95 16.45 21.7)
KiIQ^Br2 7.6 11.3 12.5 13.55 15.75
(8.0 11.4 12.2 13.95 I6.4)
MIQ4I2 7.5 ■11.8 11.0 12.5 15.95 19.3
(7.65 12.0 11.3 12.6,13.2 16.4 19.6,20.2,21.25)
Hi(3-Glp7)4I2 7.8 11.6 15.0
(8.2 12.05 14.0 15.6 18.85 20.0)
lli( 4-757)4012 8.55 12.2 10.35 15.7
(8.6 12.0 10.9 14.8 16.2)
Hi(4-¥py)4Br2 7.6 12.4 11.45 13.5 15.9 20.2
(8.0 12.25 11.6 13.6 15.4 20.4)
Ni(4-Vpy)4I2 7.2 12.4 10.9 15.75 19.0
(7.4 12.6 11.0 16.3 19.2)
Hi(4-Vpy)4(BC0)2 10.2 12.95 17.05
(10.6 12.95 17.5 23.7)
ia(4-vpy)4(Bcs)2 10.4 12.85 17.4
(10.8 12.8 16.3,17.6 23.6)
ITiCl2.6H20 7.8 13.35 21.25 24.15
(8.0 13.35 14.65 21.35 24.45)
BiCl2.2H20 7.15 12.2 13.25 19.85 22.9
(7.4 12.45 13.55 20.25 23.1)
Table XXXIII continued,
?T2g(F) ^( D )  3Tlg(P) \ g(G)
^ g  ^®2g Alg Blg "^2g ^ g
IIiCl2 7.05 12.35 19.6
(7.2 12.15 12.85 19.55
b. Polymeric octahedral (2;l).
3T2g(l’) 5? i g M ^2g(^) 5M p)
CM ^Eg ^A2g
Nipy2cl2 5.9 8.1 12.3 13.7 19.85 22.7 23.95
(6.05 8.2 12.23 14.0 20.1 23.95
CM.
CM
Pipy^Br2 5.8 7-65 12.25 13.2 19.3 21.9 25.3
(5.8 7*75 12.2 13.5 19.5 21.8 23.4)
Mi( 3-Mepy) 2C12 6.5 8.1 13.3 22.7 24.05
(6.4 8.2 13.5 22.6 24.1)
Hi( 3-Mepy) 2Br2 6.05 7*6 13.15 19.9 22,.7
(5.95 7.8 13.1 20.0 22,.85)
IsTi (4-Mepy) 2C12 5.75 8.0 12.05 13.7 22.1 24.2
(5.75 8.2 12.20 13.95 22.55 24.5)
Mi( 4-Mepy) 2Br2 5.6 7.65 12.05 13.4 21.6 23.2
(5.7 7.8 12.2 I3.6 19.75 21.9 23.4)
Mi(3,5-l^t)2d 2 5.75 7.65 12.15 13.3 18.9 21.4 23.6
(5.8 7.95 12.4 13.6 19.8 21.9 24.0)
Mi(3-Brpy)2Cl2 6.3 8.3 12.0 13.95 20.4 22.6 23.8
(6.4 8.5 12.6 14.35 20.85 23.1 24.25)
l?i( 3-Brpy) 2Br2 5.8 7.7 11.4 I3.3 19.2 23.,0
(5.95 8.05 12.3 13.75 19.95 22.35 23.3)
Mi(4-Vpy)2Cl2 5-95 8.15 12.35 13.75 19.9 22.8 24.15
(6.05 8.35 12.6 14.2 20.5 23.0 24.4)
5V p)
22.05
22.25)
Table XXXIII continued.
%2g ^ g
K i(4 -V p y )2 B r2  5 .6 5  7 .8
(5.95 8.1 
l i i ( 4 - T p y ) 2 (H 3) 2 9 .2 5
( 8 .6 5  9 .6 5
ia ( 4 - v p y ) 2 (n c s )2 8 .4
( 8 .7 5
3Eg 3A2g 
1 1 .9 5  1 2 .4  1 9 .4 5
1 2 .4  1 5 .9  2 0 .1
15.6  2 1 .1
1 4 .4 5  1 6 .1 5  2 1 .5
1 6 .6  2 0 .5 5
1 7 .1  2 0 .9 5 )
3Tlg(P)
^ g  ^2g
2 2 .1 5  2 2 .4 5
2 2 .6  25. 6 )
2 3 .2 )
A
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Spectral parameters.
Tfthilst many physical techniques play their part in the elucidation 
of the geometric and electronic structures of a metal complex, a 
study of the electronic spectra can often provide the most detailed 
information. Assignment of the observed bands to specific transitions 
within the molecule can lead to some knowledge of the stereochemistry 
of the complex. Calculation of the transition energies in terms 
of a given set of parameters gives knowledge about the chemical 
bonding within the molecule.
As part of this work the electronic spectra of a. range of nickel 
halide complexes with pyridine and substituted pyridines were 
studied in detail, as complete assignments as possible being made, 
and the crystal field splitting parameters due to the axial and 
equatorial fields being evaluated and compared. It is convenient 
to divide the complexes into two groups, the 4:1 and. 2;1 complexes, 
and to consider each group separately since the stereochemistries 
of the complexes of each group, although superficially similar 
are sufficiently different to warrant separate and detailed 
interpretation.
4:1 complexes.
The spectra have three features in common5 a strong band at 
about 25 KK, a second band at about 15 kK and a third weaker 
absorption at about 8 kK. These compare with the results found 
for nickel(II) ions with other octahedral ligand environments, 
e.g. and from the energy level diagram for d8 ions,
see Figure 17> it can "be seen that three spin-allowed transitions
50
40
30
20
Energy level diagram
i o
d configuration
are expected
Thus the observed bands may be assigned as follows:
m 4x2
1 5
8 KK
These assignments apply only to complexes of 0^ symmetry. 
However, the pyridine complexes studied are tetragonally distorted, 
by elongation of the metal-halogen bonds along the z axis, with the 
resulting lowering of symmetry to Because of this tetragonal
distortion modification of the energy level diagram occurs, since 
less repulsive energy is experienced by the dz2, dxz and dyZ 
orbital electrons in the metal ion in this symmetry than in 0^ 
symmetry. Thus certain levels, in particular those arising from 
the ?F and ?P states, exhibit splitting, as in Figure 18.
Because of this splitting more electronic transitions are 
possible, and each band, vq, v2, is usually observed to split 
into two components. It has been shown that the separation of these 
split components is equal to (55/4)*I>t, where Dt is a crystal field 
radial parameter, which provides a direct correlation to the 
degree of tetragonality of the molecule, since the amount of 
splitting of the components of the band is directly proportional 
to the amount of distortion of the m o l e c u l e ^ 5 4 }1 3 5 .
If the axial field remains approximately constant it can be 
assumed that the splitting should increase with the strength
of the planar amine field. Because of this the values of the 
crystal field parameters for planar and axial fields, Dq3^  and
Figure 18
Free ion ° h  °4h
Corre lation diagram for the tr ip le t states 
of a configuration
Dqz respectively, were eval^ iated using the expression:
(35/4).Dt = 5(1^  - Bqz)
The value (35/4).Dt was obtained from the splitting of the 
two components of the band, 10 Dqz being calculated from the 
expression:
10 Bqz = 2(3Eg) - (3B2g)
where (-'Eg) and (^ B2g) ref® to the energies of the transitions 
between these two levels from Big,
The results of these calculations are given in Table XXXIV.
Erom these expressions it can be seen that the V]_ splitting 
values, which are related to the ^Eg and ^B2g band energies, should 
be a measure of the ligand-field strengths of the pyridine providing 
that the axial field remains constant. Thus a plot of (35/4) .Dt 
against the planar crystal field parameter 10 Dq3^  was drawn for the 
4* 1: complexes. If the expression holds a linear increase for the 
graph of (35/4)*Bt against 10 Dq3^  -^ -ould be expected, with a slope 
of 0.5 as calculated from the expression:
(35/4).Dt = 5(lqxy - Dq2)
(35/4).Dt = 0.5(10 Vqxy) - 5 PqZ
Slope = 0.5
Butcher, Phillips and Redfem^-9 have studied a related nickel- 
amine system, that of nickel perchlorate with anilines. In this 
system it was found that a plot of (35/4).Dt against 10 Dq3^  gave 
a slope greater than 0.5. It m s  suggested that the perchlorate
field decreased with 10 Bq y^. These results are comparable with
the results obtained for the 4:1 complexes in that similar linear
Figure 19
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Table XXXI?.
4:1 complexes Spectral parameters.
a. Room temperature*
3B2g (55/4).Dt lODq2 lOBq2^
py Cl 8500 10200 1.70 6.80 10.20
Br 8000 10800 2.80 5.20 10.80
I 7250 11750 4.50 2.75 11.75
3-Mepy Cl 8400 10550 1.95 6.45 10.55
Br 7750 11200 3.45 4.30 11.20
I 7500 11650 4.15 3.35 15.00
4-Mepy Cl 8400 10900 2.50 5.90 10.90
Br 7550 11500 3.75 5.80 11.50
I 7200 11650 4.45 2.75 11.65
3,5-lut Cl 8550 10550 2.20 6.15 10.55
Br 7800 109 50 3.15 4.65 10.95
I 7600 11750 4.15 3.45 11.75
IQ Cl 8600 10500 1.90 6.70 10.50
Br 7600 II5OO 3.70 3.90 11.50
I 7300 11800 4.50 2.80 11.80
4-Vpy Cl 8550 12200 3.65 4.90 12.20
Br 7600 12400 4.80 2.80 12.40
I 7200 12400 5.20 2.00 12.40
3-Clpy I 7800 11600 5.80 4.00 11.60
Table XXXIV continued.
b. Liquid nitrogen temperature.
3Eg 5B2g (35/4)J>t 10Bqz l O D ^
py Cl 8600 11350 2.75 5.85 11.35
Br 8250 11250 3.00 5.25 11.25
I 7600 11700 4.10 3.50 11.70
3-Mepy Cl 8600 10850 2.25 6.35 10.85
Br 7950 11400 5.45 4.50 11.40
I 7700 12050 4.55 3.35 12.05
4-Mepy Cl 8450 11400 2.95 5.50 11.40
Br 7700 11400 5.70 4.00 11.40
I 7500 11750 4.25 3.25 11.75
3,5-lut Cl 8400 11100 2.70 5.70 11.10
Br 8050 11400 5.55 4.70 11.40
I 8000 11600 3.60 4.40 11.60
IQ Cl 8700 11200 2.50 6.20 11.20
Br 8000 11400 5.40 4.60 11.40
I 7650 12000 4.50 3.00 12.00
4-Vpy Cl 8600 12000 3.40 5.20 12.00
Br 8000 12250 4.25 3.75 I2.25
I 7400 12600 5.20 2.20 12.60
3-Clpy I 8200 12050 3.85 4.35 12.05
Figure 20
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graphs are obtained with slopes greater than 0.5* This suggests 
that the halogen ligand-field varies and to examine the constancy 
of the values of 10 Dqz with respect to 10 Dq2^ , a graph of 10 
versus 10 Dqz was plotted.
It was found from this plot that an increase in the planar 
ligand-field diie to the amine ligands produces a decrease in the 
field due to the halogen. It is postulated that the stronger 
pyridine donors may reduce the effective charge on the metal ion 
and thus lead to a weaker interaction with the axial halogen.
For a structurally related series of ligands, i.e. pyridines, 
the ligand-field strengths and hence 10 jDq2^  values would, in the 
absence of steric and other effects, be expected to relate to the 
corresponding pyridine basicities. No such rigorous correlation 
was observed, although an increase of splitting values with 
amine basicities was observed. However, this showed no regularity, 
see Table XXXV.
Table XXXV.
Correlation between v ~i splitting values and of pyridine.
PKa (55/4).Pt
Cl Br I
py 5.25 1.70 2.80 4.50
IQ 5.42 1.90 5.70 4.50
3-Mepy 5.58 1.95 5.45 4.15
4-Vpy 5.62 5.65 4.80 5.20
4-Mepy 6.03 2.50 5.75 4.45
3,5-lut 6.15 2.20 5.15 4.15
Figure 2 1 .
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2;1 complexes.
The spectra of these complexes are more difficult to interpret 
than those of the 4:1 complexes. The halogen-bridged complexes 
have trans-octahedral structures and although the true symmetry 
is Cj_, this can he approximated to D^. The approximation means 
that the symmetry is the same as that of the 4:1 complexes. However, 
compared with the 4:1 complexes, the positions of the ligands with 
respect to the xy plane and z axis have been interchanged, i.e. 
the pyridines are positioned on the z axis rather than in the xy 
plane. Therefore it might be expected that the ligand-field 
experienced by the nickel ion, although comparable with that 
found in the 4:1 complexes, would be orientated in an opposite 
sense. Thus the field due to the pyridines would effect the nickel 
ion from the z direction instead of from the xy direction as in the 
4:1 complexes. This causes different band splittings to occur, 
since the in-plane field would now be expected to be weaker than 
the axial field (spectrochemical series, capacity for d orbital 
splitting: I< Br < Cl^spy). Thus the spectra were assigned by 
inverting the orderings of the and % 2g components.
The results of the calculations are given in Table XXXVT.
Prom the results, similar relationships were found as for the 
4:1 complexes, although there was a greater scatter. This is 
probably due to the use of symmetry instead of the actual 
symmetry C^ . External influences would be expected, to play an 
important part in influencing the strengths of the ligand-fields 
exerted because the molecule is halogen-bridged so that the halogen
gable m y  I.
2»1 complexes Spectral parameters.
a* R°om temperature.
\ % 2g (55/4).Dt 10Dqz lOBq^
py Cl 8100 5900 - 2.20 10.30 5.90
Br 7650 5800 - 1.85 9.50 5.80
3-Mepy Cl 8100 6500 - 1.60 9.70 6.50
Br 7600 6050 - 1.55 9.15 6.05
4-Mepy Cl 8000 5750 - 2.25 10.25 5-75
Br 7650 5600 - 2.05 9.70 5.60
3,5-lut Cl 7650 5750 - 1.90 9.55 5.75
3-Brpy Cl 8300 6300 - 2.00 10.30 6.30
Br 7700 5800 - 1.90 9.60 5.80
4-Tpy Cl 8150 5950 - 2.20 10.35 5.95
Br 7800 5650 - 2.15 8.95 5.65 '
b. Liquid nitrogen temperature.
py Cl 8200 6050 - 2.15 10.35 6.05
Br 7750 5800 - 1.95 9.70 5.80
3-fep y Cl 8200 6400 - 1.80 10.00 6.40
Br 7800 5950 - 1.85 9.65 5.95
4-Mepy Cl 8200 5750 - 2.45 10.15 5.75
Br 7800 5700 - 2.10 9.90 5.70
3,5-lut Cl 7950 5800 - 2.15 10.10 5.80
3-Brpy Cl 8500 6400 - 2.10 10.60 6.40
Br 8050 5950 - 2.10 10.15 5.95
4-Vpy Cl 8350 6050 - 2.30 10.65 6.05
Br 8100 5950 - 2.15 10.25 5.95
Figure 22
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atoms are forced to share their donor properties between two 
nickel ions, thus altering the effective ligand-field strength 
as experienced by any one nickel ion.
Another important difference, due to the reversal of the ligands 
with respect to the axes, is that the slopes of the plots of 10 Fqz 
versus 10 Tq3^  are opposite in the case of the 2*1 and 4tl complexes.
h. Copper.
Since d9 is the hole equivalent of d^-, it might be expected 
that the spectra of copper(ll) complexes would be analogous to 
those of titanium(lll), but with the energy levels inverted, i.e. 
simple spectra. However, this is not the case. Copper(ll) complexes 
are subject to considerable distortion which renders their 
absorption spectra complex. Moreover, the high spin-orbit coupling 
coefficient of copper(ll) is of such a magnitude that it cannot 
be ignored.
The d^  configuration gives rise to only one free ion term,
p
3), which is spin'and orbitally ten-fold degenerate. Thus, in any 
symmetry, all the levels belong to and must have the same 
interelectronic repulsion. It follows that all the d-d transitions 
have energies which are independent of interelectronic repulsion 
being simply the energy differences between the one-electron energy 
levels concerned.
The energy level splittings observed for copper(ll) ions in 
various configurations221“224 are shown in Figure 24.
Six co-ordinate complexes of copper(il) are subject to considerable 
tetragonal distortion with four short metal-ligand bonds in one
Figure 24
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plane (xy) and two longer metal-ligand bonds along the 2 axis.
Such complexes give rise to one absorption hand in the visible 
region, near 16 kK, which has considerable tail-off into the near
i.r., and which can often be resolved into at least three components. 
These components m y  be assigned as transitions from the d^, dz2 
and dxz, dyZ pair to the a anti-bonding and half filled dx2_y2 
level.
Two possible stereochemistries are possible for five co-ordinate 
copper(ll), i.e. square based pyramidal (C^ v) and trigonal 
bipyramidal (D^). Examples of both these stereochemistries have 
been prepared and characterised, e.g. CuflBEb^CO^ (C^ y) and 
Co^TE^^CuCltj (D^ h)* I*1 ^ 3h symmetry copper(ll) exhibits bands 
at 8.2 said 10.2 kK (CuCl^~) which are assigned as transitions 
from the 2Ef and 2En levels to The electronic spectra
of monoammine products of bis-ethylenediamine complexes of copper(ll), 
also of Djfa symmetry, are reported to exhibit bands in the region 
10-15 KK and 17 kK 2 2 3.
The penta-ammine complexes of copper(il) (C^v symmetry) are 
reported to exhibit the following transitions22-**:
2Al -
aCM.OHI
2b2 <■— 15.2
2e 1—\ 
&
l 16.8
However only one absorption is reported for Cu^TH^^CO^ at 15*75 kK, 
and this also has C^ v symmetry225.
Regular tetrahedral derivatives of copper(ll) are very uncommon, 
there is usually a flattening of the tetrahedron bringing the
symmetry closer to 3)2d* general tetrahedral copper(ll) derivatives, 
if approximately regular, are expected to give a single broad band 
in the near i.r. region, 5-9 kK.
The electronic spectra of copper(il) complexes with pyridines 
usually show one absorption in the 14-16 kK region, although this 
may be split into several components, and can thus be considered 
to contain six co-ordinate copper(ll), see Table XXXVII. The 
vinylpyridine complexes studied correspond well with these results 
although the 1:1 complexes with 2-vinylpyridine show distinct 
lowering of the frequency of the absorption. This m y  indicate 
partial four co-ordinate character in these complexes due to greater 
distortion of the molecular structure.
In a recent paper distinction has bear made between metal- 
bromine and metal-pyridine charge transfer bands in a series of 
complexes of copper(ll) bromide with substituted pyridines22?.
It was found that the metal-pyridine charge transfer band showed 
an increase in energy when electron-donating substituents were 
present on the ring. Vhen the ring contained electron-withdrawing 
substituents no change in position of the band m s  observed. It 
was concluded that this was due to the insensitivity of the charge 
transfer band to this effect or to the lack of it-back donation.
Table XXXVII.
Electronic spectra of copper(ll) complexes (literature values)•
kK ref.
Cupy2Cl2 14.50
162
14.6 226
0upy2Br2 14.60 162
14.6 226
Cu( 2-Mepy) 2C12 16.00,17.1 226
Cu( 2-Mepy) 2®r2 16.55 226
Cu( 2-Clpy) pci 2 13.0,14.9 162
14.2 226
Cu( 2-Clpy) ^Br2 15.50,17.00 162
15.75 226
Cu(2-Brpy)2Cl2 15.25,18.7 226
Cu( 2-Brpy ) 2®:c2 15.87,16.00 162
15.85 226
Cu(2-Etpy)2Br2 16.75 226
Cu( 2,6-lut) 2C12 15.4,16.65,19.35 226
Cu( 2,6-lut) 2®r2 16.20,19.05 226
Cu( 2,5-lut) 2Br2 16.6 226
Cu( 2, A-l'ut) 2Br 2 16.45 226
Cu( 2,5-lut) 2Br2 16.95 226
Cu(2,4, 6-coll)2C12 15.4,16.55,19.55 226
Cu( 2,4,6-coll) 2Br2 16.25,19.6 226
CuQ2Br2 16.35 , 226
Cu( 3-Mepy)2Cl2 14.8 226
Cu( 5-Mepy ) 2®r2 14.7 226
Cu(3-Clpy)2Cl2 14.6 226
Cu(3-Clpy)2Br2 14.5 226
Table XXXVII continued.
kK ref.
Cu( 3-Brpy) 2Cl2 14.59 162
14.7 226
Cu( 3-Brpy) 2®r2 14.45 226
Cu( 3,4-lut) 2CI2 15.05 226
Cu( 3,4-lut) 2®r 2 14.8 226
Cu(3,5-lut)4Cl2 11.5,16.15 226
Cu(3,5-lut)2Br2 14.7 226
Cu(4-Mepy)2Cl2 ■14.95 226
Cu( 4-Mepy ) 2®r 2 14.95 226
Cu(4-Clpy) 2CI2 14.29 162
Cu(4-Clpy)2®r2 14.08 162
Cu(3,5-Clpy) 2Br2 14.4 226
Table XXXVIII.
Charge transfer bands in copper(ll) pyridine complexes22?.
kK
Br C.T. py C.T. d-d
Cu( 4-Mepy) 2®r 2 27.7 24.6 14.9
Cu( 4-CH20Bpy) 2Br2 27.7 24.4 15.2
Cupy2Br2 27.9 24.0 14.5
Cu( 4-OOOCH^py) 2Br2 27.9 24.0 14.5
Cu(4-COCH5py)2Br2 27.9 25.9 14.5
Cu(4-ClTpy)2Br2 27.7 25.9 14.5
Cu(4-H02py)2®r2 27.7 25.9 14.6
Table XXXIX.
Electronic spectra of copper(il) complexes9*.
( ) - low teraperature (liquid nitrogen) results.
KK
Cu(4-? p y )2cl2 ! 4.5
(13.45.14.75) 
Cu(4-Tpy)2Br2 14.45
(13.1,14.7) 
Cu(4-Vpy)2(lTC0)2 I6.35
(14.85,17.2) 
Cu(4-Tpy)2(lJCS)2 15.8
(14.4.16.35)
Cu(4-Vpy)2(E3)2 15.55
(12.8.15.75) 
Cu(2-Ypy)2Cl2 14.3,16.8
(15.05,17.5) 
Cu(2-Tpy)Cl2 11.3,13.8
(11.05,13.8) 
Cu( 2-Tpy)(HCO)2 13.05
(13.35)
s - present work (d-d transitions).
R/1AGI\IET0CHEH/1ISTRY.
Hagnetochemi stry.
The magnetic moments of a selection of the complexes were 
measured at room temperature, and a selection over a temperature 
range from room temperature to liquid nitrogen temperature. The 
room temperature results are given in Table XL.
Table XL.
Room temperature magnetic moments.
^eff. T°K
Mn( 4-Ypy ) 2C12 6.10 296
Ma( 4-Ypy) 2Br2 6.18 297
Co(4-Vpy)4Cl2 5.02 297
Co(4-Vpy)4Br2 5.10 297
Co(4-Vpy)2Cl2 (a) 5.53 295
Co(4-Vpy)2I2 (P) 4.49 293
Co(2-Ypy)2Cl2 (P) 4.66 296
Co(2-Vpy)^Br2 (p) 4.62 29 6
Hi(4-Vpy)4Cl2 3.29 299
ITi (4-Ypy ) 4Br 2 3.22 301
Bi(4-Ypy)4I2 3.21 298
Fi(4-vpy)4(ircs)2 3.18 296
M(4-Ypy)2Cl2 3.40 297
Ri(4-Ypy)2Br2 3.33 297
Ri(4-Ypy)2(RCS)2 3.07 297
M ( 4~Ypy)2(lT5)2 3.06 296
Cu(4-Vpy)2Cl2 1.90 296
The following compounds were also studied over a temperature 
range and exhibited unusual magnetic properties.
Azides.
The complex Mn(4-Ypy)2(R3)2 shows the following temperature 
variable magnetic behaviour:
T°K ,0^ XAA * v ^eff
295 1350 0.74 5.64
262 1454 0.69 5.52
230 1577 0.63 5.39
198 1745 0.57 5.25
166 1942 0.51 5.08
135 2181 0.46 4.85
103 2533 0.39 4.57
90 2748 0.36 4.43
This compound shows an anomalously low magnetic moment for high- 
spin manganese(II) together with a marked temperature dependence. 
Curie-Weiss behaviour is observed with a 0 value of 110°K. Since 
high-spin manganese(ll) has an orbitally non-degenerate ground state 
with no higher state of the same multiplicity, departure from true 
Curie behaviour can only be ascribed to antiferromagnetic exchange 
interaction between adjacent paramagnetic centres, in the absence 
of high-spin/low-spin equilibrium, which is unlikely to occur here 
due to the weakness of the ligand field. A stereochemical transformation 
could also give rise to a high-spin/low-spin equilibrium, but this 
is unlikely to occur in the solid state. The antiferromagnetic 
exchange interaction is presumably transmitted via a direct metal-
metal interaction or via bridging atoms* The latter seems most likely 
especially in the light of evidence presented. Helson and Uelson?1 
who studied a similar series of manganese(ll) cyanate and azide 
complexes and found that complexes where bridging structures did 
not exist exhibited Curie behaviour e.g* Mn(3-CNpy)4(NC0)2* The 
evidence suggests that antiferromagnetic exchange occurs because
of the presence of the pseudohalogen bridges, but does not indicate
the mechanism of the exchange. Like cyanate, azide could be expected 
to bridge in one of two ways:
1?
i
it— h — m u
/ \ I
M M  IT
/ \
H  M
a • b*
Since antifeiromagnetism is usually only appreciable when the 
paramagnetic centres are close together it would be expected that 
structure b. would be more likely to produce antiferromagnetie 
exchange than a. in which the M - M distance is greater. Conparison 
of the magnetic behaviour of the nickel(ll), cobalt(ll) and copper(ll) 
complexes with that of the manganese( II) complex would seem to lend 
weight to this argument. Both the cobalt and nickel azide complexes, 
like the manganese complex, show distinct antiferromagnetic behaviour 
whereas the copper azide complex shows almost normal magnetic 
behaviour, see Figure 25.
It has been shown, by X-ray crystallography1^, that Cupy2(ll^ )2
contains azide bridges of type a. The difference in behaviour between 
this system and that of manganese, cobalt and nickel would therefore 
seem to indicate that the latter complexes contain bridges of type b.
Table XLI.
Yariation of magnetic properties of azide complexes with temperature^.
a* C o ^ - Y p y ^ H ^
b. Hi(4-Ypy)2(H5)2
c. Cu(4-TPy)2(H5)2
T K
10?xA io\-i Peff. XA
b.
X -1
A Peff. XA
c.
x -1 
aa Feff,
29 6 1095 0.91 5.08 3840 0.26 3.01 1502 0.67 1.88
263 1186 0.84 5.00 4177 0.24 2.96 1696 0.59 1.89
230 1302 0.77 4.89 4559 0.22 2.90 1901 0.53 1.87
199 1435 0.70 4.76 5037 0.20 2.83 2184 0.46 1.86
167 1595 O.63 4.60 5641 0.18 2.74 2578 0.39 1.85
136 1767 0.57 4.37 6286 0.16 2.59 3122 0.32 1.84
104 1932 O.52 3.99 7160 0.14 2.45 3978 0.25 1.81
90 1987 0.50 3.76 7839 0.13 2.36 4541 0.22 1.81
k - present work.
Cyanates.
Helson and Helson^ have shown that 2:1 complexes of manganese(Il) 
cyaiiates, with cyanopyridines, show similar magnetic behaviour to 
that of the azide s. Although some antiferromagnetic behaviour was 
observed for the manganese cyanate complex with 4-vinylpyridine, 
it was not to the same extent as that observed by Helson and Helson. 
This might indicate cyanate bridging equivalent to azide bridging 
of type a (see previous page).
The results of the 2;1 cyanate complexes studied are shown in 
Table XLII.
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Table XLII.
Variation of magnetic properties of cyanate complexes with temperature3*.
a. J&L(4~Vpy)2(NC0)2 0 * 38°K:
b. Cu(4-Vpy)2(l?C0)2 0 * 12°K
T°K Q** T°K b.
°«
\ 1
/*eff. XA aA A*eff
289 1581 0.63 6.04 295 1608 0.62 1.95
262 1740 0.57 6.03 262 1759 0.57 1.92
250 1937 O.52 5.97 230 2005 0.50 1.92
199 2197 0.45 5.90 198 2328 0.43 1.92
166 2529 0.39 5.79 166 2701 0.37 1.89
136 2989 0.33 5.69 135 3359 0.30 1.90
104 3646 0.27 5.49 . '
90 4039 0.25 5.38 89 4931 0.20 1.87
3e - present work.
The complex Co(4-Vpy) 4(WC0)2 showed pseudo-antiferromagnetic 
behaviour, but since the structure of the complex is monomeric 
octahedral, exchange interaction between adjacent paramagnetic 
centres seems unlikely. It was thought, therefore, that the Curie' 
Weiss behaviour might be due to a temperature-variable orbital 
contribution of the unpaired electrons to the magnetic moment. 
Because of the regularity of the complex, i.e. closeness to 0^ 
symmetry, brought about by the almost equivalent ligand-field 
strengths of the IT-donor cyanate and 4-vinylpyridine ligands, dxz 
and dyZ orbitals will be almost equivalent, when considering the 
rotation of the cobalt ion about the z axis through 45° i.e. the
dxz orbital transforms into the dyZ orbital upon rotation of the 
ion through 45° about the z axis. This equivalence gives an orbital 
angular momentum about the z axis. Contribution of orbital angular 
momentum means that the experimental moment is higher than the 
expected spin-only value.
Table XLIII.
JJkgnetic properties of a. Co(4-Vpy)  ^(ITCO)g and b. Ni(4~Vpy)/|(HC0)c>. 
T°K a. b.
10* XA \0 X , - 1 fXe££m XA XA-1  Peff.
295 1299 0.77 5.53 4211 0.24 5.15
263 1419 0.70 5.46
198 1772 O.56 5.30 6486 0.15 3.20
167 2039 O.49 5.21
135 9295 0.11 3.17
103 2951 O.34 4.93
95 3139 0.32 4.88
e=48°K e=o°K
Due to the arrangements of the electrons in the d orbitals it is 
expected that nickel (II) would show quenching of the orbital 
contribution. The complex Fi(4-Vpy)4(lFC0)2 shows Curie behaviour 
(see Figure26).
The 1:1 complex of copper(ll) cyanate and 2-vinylpyridine is 
unusual in that it shows ferromagnetic behaviour.
Ferromagnetic copper(ll) complexes are not u n k n o w n 2 2 8  and 
similar 1:1 cyanate complexes have been reported to obey the 
Curie-Weiss law with moments higher than the normal spin-only 
value^ 56,229.
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Table XLIV.
Magnetic properties of Cu(2-Vpy)(HC0)o.
T°K XA XA *eff
295 1910 0.52 2.12
262 2136 0.47 2.12
230 2455 0.41 2.12
198 2969 0.34 2.17
135 4570 0.22 2.22
104 6209 0.16 2.27
90 7350 0.14 2.29
e = - 18°k
Thiocyanates.
The complex Cu^-Vpy^ClTCS^ was the only thioeyanate complex 
studied over a temperature range and this showed normal, Curie, 
magnetic behaviour. The complex Hi(4-Vpy ) 2 S)2 showed a slightly 
depressed moment at room temperature (3*07 B.M., at 297°K) "but was 
not studied over a temperature range.
Table XLV.
I,Magnetic properties of Cu( 4-Vpy) g(HCS)
T°K XA x - 1*A ^eff
295 1411 0.71 1.82
263 1573 O.64 1.82
230 1812 0.55 1.83
199 2109 0.47 1.83
166 2496 0.40 1.82
135 3121 O.32 1.83
103 4061 0.25 1.83
89 4709 0.21 1.83
0 = 2°K
Halides.
Hormal magnetic moments were observed for the 4:1 halo-complexes 
studied, however, Curie-Weiss behaviour was observed for the polymeric 
2:1 halogen-bridged species. The complexes a-Co(4-Ypy)2Cl2 and 
Cu(4-Vpy)2Br2 showed pseudo-antiferromagnetic behaviour, this 
probably being mainly due to orbital contribution in the case of 
the cobalt complex.
Table XLVI.
Magnetic properties of a. a-Co(4-Tpy)oCl2 and b. Cu(4-Vp.y)pBrg.
T°K b.
io* xA 10° x  -1 ^eff. XA
1—11<ri /*eff.
295 1519 0.7 6 5.58 1412 0.71 1.82
262 1467 0.68 5.53 1597 0.63 1.83
230 1654 0.60 5.51 1769 0.57 1.80
199 1886 0.53 5.47 1987 0.50 1.77
166 2197 O.46 5.40 2285 0.44 1.74
136 2608 O.38 5.32 2668 0.37 1.70
104 3265 0.31 5.20 3210 0.31 I.63
90 3685 0.27 5-14 3488 0.29 1.58
6 = 22°K 0 = 60°K
The equivalent nickel complexes showed ferromagnetic behaviour 
however (see Table XLYIl).
ITormal Curie behaviour was observed for the complexes Cu(2-Vpy)Cl2 
and Cu(2-Ypy)2Cl2 (see Table XLVIH).
Table XLVII.
T°K b.
XA V 1 ^eff. XA V 1 ^eff.
296 4895 0.20 3.4O 4720 0.21 3.34
264 5545 0.18 3.42 5280 0.19 3.33
231 6370 0.16 3.43 6077 0.16 3.34
197 7532 0.13 3.42 7091 0.14 3.35
167 9187 0.11 3.49 8549 0.12 3.37
136 11696 0.09 3.57 10802 0.09 3.41
104 15975 0.06 3.64 14330 0.07 3.44
90 19111 0.03 3*71 16802 0.06 3.48
e= - 17°K 0 = - 11°K
Table XLVIII.
Magnetic properties of a. Cu( 2-Ypy)Clo and b. Cu(2-Tp.y)oClo.
T°K a. b.
XA V 1 XA XA_1
295 1512 0.66 1.89 1399 0.72 1.82
263 1677 0.60 1.88 1523 0.66 1.79
230 1902 0.53 1.87 1768 0.57 1.80
199 2205 0.45 1.87 2053 0.49 1.81
I64 2639 0.38 1.87 2441 0.41 1.78
I36 3218 0.31 1.87 2924 0.34 1.78
104 4090 0.24 1.84 3824 0.26 1.78
90 4595 0.22 1.81 4372 0.23 1.77
0=8°K 0*O°K
Conclusions.
The large volume of work available on the subject of pyridine 
complexes of the transition metals shows that, with few exceptions, 
four basic stereochemistries are available, as is discussed in the 
Introduction* The particular stereochemistry which is taken by a 
complex depends not only on the metal, but also on the pyridine 
and in particular on the positions and nature of the substituents 
on the ring. In this respect it is almost universally found, along 
the first row transition series, that a substituent in the 2-position 
on the pyridine ring produces sufficient steric hindrance to prevent 
the formation of stable 4:1 complexes. As a result, complexes with 
2-substituted pyridines are usually found to take up tetrahedral 
or planar stereochemistries which in some cases are unusual for 
the metal involved. In this study the general trends shown by pyridine 
complexes have been shown to be applicable also to the complexes 
of 2- and 4-vinylpyridine.
The report by Pudvin and Mattern^? that vinyl group co-ordination 
was observed in the complex Cu(2-Vpy)Cl2 suggested that this type 
of co-ordination might occur in other complexes. This was not found, 
and the initial assumption must now be treated as questionable.
(if vinyl group co-ordination did occur the complex would be expected
to be monomeric and easily soluble in most organic solvents. In
fact it is extremely insoluble indicating that it is highly polymeric).
It is also found that variations in stereochemistry can be fairly 
readily followed from a study of the far i.r. spectra, complexes 
of different stereochemistries giving rise to different band patterns. 
It is found however, that copper(il) conplexes show considerable 
differences in their spectra compared with the other metals and
this has been attributed to strong Jahn-Teller distortion.
The Raman spectral studies suffered from the ■unavailability 
of a suitable laser source for some of the complexes. The Re/He 
laser was suitable only for compounds which showed no absorption 
in the region of 6328 A, i.e. 15«8 kK. If a band was present in 
this region Raman scattering was diminished due to the absorption 
of the exciting radiation and spectra could not be recorded. Argon 
laser excitation sometimes only resulted in the decomposition of 
the sample.
Electronic spectral measurements for most of the transition 
metal complexes studied gave useful information on the stereochemistry 
of the conplex, especially when interpreted together with far i.r. 
results. Exceptions to this rule were manganese and zinc complexes, 
due to the spin-forbidden nature of the d-d transitions, and copper 
complexes, due to the difficulty of interpreting the electronic 
spectra and correlating the information contained therein with 
s ter eochemi stiy.
Evaluation of spectral parameters from the electronic spectra
of the nickel (il) complexes showed reasonable agreement with the
219results of Butcher, Phillips and Redfem . In general terms these 
results are interpretable as follows: an increase in the planar 
field results in a shortening of the metal-ligand bonds in the xy 
plane which in turn results in a decrease in the axial field and 
a lengthening of the bonds along the z axis.
Magnetic studies of the complexes showed unusual results only 
for the 2:1 polymeric complexes, examples being the strongly
antiferromagnetic behaviour of some of the azide complexes compared 
with almost normal behaviour exhibited by others, and both 
antiferromagnetic and ferromagnetic behaviour as shown by the 2:1 
halo-conplexes.
In attenpting to describe similarities along the first row 
series involving pyridine complexes, it is found that, with the 
exception of zinc, chromium and copper complexes, the properties 
of the complexes of the remaining metals are very similar, all 
forming complexes of similar stereochemistries and stoicheiometries, 
e.g. M(4-Vpy)2Cl2 M=Mn, Pe, Co and Hi. Bivalent chromium and copper 
complexes are closely related in their properties and show distinct 
differences from the rest of the first row metals. This is mainly 
attributable to the considerable distortion shown in this oxidation 
state. As a result, whereas in the series of 2:1 polymeric halo- 
complexes shown above the metal-halogen bonds are equivalent, in 
complexes such as Cu^-Ypy^C^ the bonds have been shown to be 
non-equivalent.
A recent paper^*- 0n the magnetic, electronic and Mossbauer 
properties of Pepy2Cl2 however, indicates that non-equivalence of 
the metal-halogen bonds in this complex occurs at temperatures below
ioo°e:.
The stability of the tetrahedral stereochemistry of zinc complexes 
dominates the chemistry of this metal.
The total outcome of this work indicates the effects that a 
combination of donor and steric properties of a ligand can have 
upon the stereochemistiy of a metal in a complex.
EXPERIMENTAL.
Experimental,
1. Preparative methods.
The majority of the complexes were prepared by the addition 
of the stoicheiometric amount of ligand in ethanolic solution to 
an ethanolic solution, aqueous ethanolic, or aqueous solution of 
the metal halide or pseudohalide. Precipitation sometimes occurred 
immediately, especially when aqueous solutions were used, and the 
complex was filtered off, washed with a suitable non-solvent for 
the complex, e,g, ether, light petroleum, and dried in vacuo over 
phosphoric oxide and paraffin wax.
The iron(ll) complexes were considered likely to be susceptible 
to aerial oxidation in solution and when damp, and were thus 
prepared and filtered off under an atmosphere of nitrogen on a line 
similar to that described by Larkworthy230#
The cobalt(II) complexes were found to be particularly soluble 
in ethanol and were thus prepared using propan-2-ol as a solvent.
Except in the case of cobalt iodide, cobalt thiocyanate and 
zinc iodide, metal iodides and pseudohalides were not used directly. 
In each case an ethanolic solution of the appropriate metal salt 
was prepared ty mixing ethanolic or aqueous ethanolic solutions 
of the appropriate metal nitrate and the sodium or potassium salt 
of the halide or pseudohalide. The whole was then cooled in an 
ice-bath and the precipitated alkali metal nitrate filtered off.
The filtrate was then used directly for the preparation of the 
complex.
In the case of the iron(ll) pseudohalide complexes, aqueous
solutions of iron(ll) sulphate and the appropriate alkali metal 
pseudohalide salt were mixed and ligand added to this solution.
t
The alkali metal sulphate remained in solution whilst the complex 
precipitated out.
2. Purification of the ligands^5A59.
Both 2- and 4-viny lpyridine were vacuum fractionated before 
use using a nitrogen bleed. Both were stored over mercury, which 
acted as a free-radical inhibitor thus slowing the rate of 
polymerisation, and were kept refrigerated when not in use. Other 
ligands were used as supplied.
Analytical methods, 
a, Metal.
In all metal analyses involving EDTA. where the complex was not 
directly soluble in water, complete decomposition using a mixture 
of nitric, sulphuric and perchloric acids in the ratio 3s4:1 (a 
total of about 10 mis of acid) and heating just to dryness, was 
employed. The residue was then taken up to 250 mis of solution in 
water. Known volumes of this solution were pipetted out, diluted 
to 100 mis with de-ionised water, and titrated against standard 
(0.01M) EITA solution using the following conditions:
Manganese and zincs Eriochrome black T at pH 10 using an ammonia/ 
ammonium chloride buffer231.
Cobalts Murexide/sodium chloride. solid indicator using 0.88 ammonia 
and 1M ammonium chloride as b u f f e r
Coppers Fast sulphon black F in strongly ammoniacal solution*^.
Nickel and iron were determined gravimetrically as the dimethyl- 
glyoximate^4 and oxinate^5 respectively, after acid decomposition 
of the complex, 
h. Balide.
Halide was determined gravimetrically as the silver halide^^.
The complex was destroyed hy heating a weighed amount (about O.lg) 
with concentrated nitric acid (20 mis) in the presence of silver 
nitrate (50 mis of a solution containing 4g/litre).
Ci Microanalysis.
Carbon, hydrogen and nitrogen microanalyses were determined 
by the Alfred Bernhardt laboratory, ELbach uber Engelskirchen,
West Germany and by the University of Surrey Microanalytical service.
Results of the analyses are given in Table XLIX.
4- Physical measurements.
a. Electronic spectra.
These were recorded on a Uhicam SP 700C U.V./visible spectrometer 
by the diffuse reflectance method, using a SP 755 diffuse reflectance 
attachment, from 40000-5000 cm.“ .^ Lithium fluoride (extra pure) 
was used as a reference material. Low temperature measurements were 
determined by cooling the sample cell with liquid nitrogen in a 
specially constructed cryostat^-^ .
b. Infra-red.
I.R. spectra were recorded as nujol and hexachlorobuta-l,3-diene 
mulls on a Uhicam SP 200 spectrometer (5OOO-65O cm.“ )^ and as nujol 
mulls and KBr pressed discs on Grubb-Parsons Spectromaster 
(4000-400 cm.“’■*•) and Perkin Elmer 457 (4000-250 cm.*■•*■) spectrometers.
Table XLIX,
Analytical results,
a. Uickel complexes.
Calculated Found
foil f C foE f0E foX foil fo C fo E fa E f x
JIipy4Cl2 13.2 15.9 13.0 15.8
ffipy4Br2 11.0 29.9 11.1 30.3
iripy4i2 9.3 40*3 9.4 40.3
Ki(3-Eepy)4Cl2 11.7 14.1 11.9 14.2
Hi(3-Mepy)4Br2 9.9 27.0 10.1 27.5
Hi(3-BIepy)4I2 8*6 37.0 8.5 36.4
iri(4-Kepy)4ci2 11.7 14.1 11.3 14.0
ITi(4-Kepy)4Br2 9.9 27.0 9.9 27.0
Hi(4-Kepy)4I2 8*6 37.0 8.6 36.1
Hi(3,5-lut)4Cl2 10*5 12.7 10.5 12.6
Hi(3,5-lut)4Br2 9.1 24.7 9.1 24.2
Ei(3,5-lut)4X2 7.9 34.2 7.9 33.9
FilQ4Cl2 9.1 11.0 9.0 10.6
niIQ4Br2 8.0 21.7 8.0 21.6
!TiIQ4I2 7.1 30.6 7.1 28.6
nipy2Cl2 20*4 24.6 20.4 24.3
nipy2Br2 15.6 42.4 15.8 42.4
ni(3-Mepy)2Cl2 18.6 22.5 19.6 23.2
Ki(3-Mepy)2Br2 14.5 39.5 14.5 39.4
ni(4-Mepy)2Cl2 18.6 22.5 19.3 22.6
Hi(4-Mepy)2Br2 14.5 39.5 H.5 39.4
Table XLIX continued,
Calculated Found
fo M fo C f E foK fo X f M fo C fo H fo E fo X
Fi(3,5-lut)2Cl2 17.0 20.6 17.0 20.1
Ki(3-Bipy)2Cl2 13.2 15.9 12.9 15.6
I'Ti(3-Brpy)2Br2 11.0 29.9 10.8 28.7
lh(4-Ypy)2Cl2 16.4 50.0 4.2 8.3 21.1 16.8 49.9 4.4 8.2 21.2
Mn(4-Ypy)2Br2 12.9 39.6 3.3 6.6 37.6 13.0 38.6 3.4 6.5 37.8
Iv5h(4-Tpy)2(H5)2 15.7 48.1 4.1 32.1 15.5 47.8 4.1 32.8
Ito(4-Ypy)2(EC0)2 15.7 55.0 4.1 16.1 15.5 54.6 4.0 15.0
l&i(4-Tpy)4(FCS)2 9.3 60.9 4.8 14.2 9.3 60.0 4.7 14.2
Pe(4-Vpy)2Cl2 16.6 49.9 4.2 8.3 21.0 16.6 49.6 4.2 8.4 20.7
Be(4-Vpy)4(^C0)2 10.0 64.3 5.1 15.0 10.0 57.7 4.5 14.9
Be(4-Vpy)4(l!CS)2 9.4 60.8 4.8 14.2 9.7 60.2 4.8 14.1
Be(4-Vpy)2(lT5)2 16.0 48.0 4.0 32.0 16.1 31.1
Co(4-Vpy)4Cl2 10.7 61.1 5.1 10.2 12.9 10.8 60.9 5.1 10.1 12.8
Co(4-Vpy)4Br2 9.2 49.4 4.2 8.2 20.9 9.4 49.1 4.4 8.3 20.9
Co(4-Ypy)4I2 8.0 52.6 4.4 8.8 25.0 7.9 52.4 4.4 8.3 24.8
Co(4-Ypy)4(FC0)2 10.4 63.9 5.0 14.9 10.4 63.2 5.1 14.8
Co(4-Vpy)4(BCS)2 9.9 6O.5 4.8 14.1 9.9 60.4 5.3 14.2
Co(4-Vpy)2Cl2 17.3 49.4 4.2 8.2 20.9 17.0 49.1 4.4 8.3 20.9
Co(4-Ypy)2Br2 13.7 39.2 3.3 6.5 37.3 14.1 39.0 3.3 6.5 37.3
Co(4-Ypy)2(K5)2 16.7 47.6 4.0 31.7 16.4 48.1 4.3 31.7
Co(4-Vpy)2I2 H.3 32.2 2.7 5.4 48.5 11.3 33.7 2.8 5.3
Co(2-Ypy)2Cl2 17.3 49.4 4.2 8.3 20.9 17.9 49.3 4.3 8.1 21.5
Co(2-Ypy)2Br2 13.7 39.2 3.3 6.3 37.3 13.9 39.2 3.1 6.2 37.5
Co(2-Vpy)2I2 11.3 32.2 2.7 5.4 48.5 11.4 32.2 2.7 5.4 48.6
Co ( 2-Ypy ) 2(lTCS) 2 15.3 49.9 3.7 14.5 15.1 49.6 4.0 14.6
Table XLIX continued.
Calculated Found
fo M fo c fo H f H f x fo M f C f H f H fo X
Hi (4-Vpy) 4C12 11.2 61.1 5.1 10.2 12.9 11.1 60.8 5.1 10.0 13.0
Hi (4-Vpy) 4Br2 9.2 52.6 4.4 8.8 25.0 9.0 51.8 4.3 8.7 24.7
Hi (4-Vpy) 4I2 8.0 45.8 3.9 7.6 34.6 8.0 45.4 3.8 7.8 31.6
Hi (4-Vpy) 4(HC0) 2 10.4 64.O 5.0 14.9 10.4 63.9 5.0 15.0
M(4-Vpy)4(HCS)2 10.0 6O.5 4.8 14.1 9.9 59.5 4.9 14.0
Hi(4-Vpy)2Cl2 17.3 49.5 4.2 8.2 20.6 17.2 48.9 4.1 8.0 20.5
Hi (4-Vpy) ^Br2 13.7 39.2 3.3 6.5 37.3 13.5 39.1 3.3 6.5 36.4
Hi (4-Vpy) 2 (H^) 2 16.6 47.6 4.0 31.8 16.6 47.5 4.2 32.0
Hi(4-Vpy)2 (HCS)2 15.2 49.9 3-7 14.6 15.1 48.6 3.6 14.9
Cu(4-Vpy)2Cl2 I8.4 48.7 4.1 8.1 20.6 I8.7 49.0 4.2 8.0 20.4
Cu( 4-Vpy )2Br2 14.7 38.8 3.3 6.5 36.9 14.7 38.8 3.3 6.3 36.7
Cu(4-Vpy) 2^ 3)2 17.8 49.3 4.0 31.3 17.6 49.0 3.9 31.3
Cu(4-Vpy) 2(HCO) 2 17.8 33.7 4.0 15.7 18.1 53.6 4.0 15.6
Cu(4-Vpy)2(HCS)2 16.3 47.0 3*6 14.4 16.4 46.9 3.7 14.2
Cu(2-Vpy)2Cl2 I8.4 48.8 4.1 8.1 20.6 18.6 48.9 4.3 8.0 20.1
Cu(2-Vpy)Cl2 26.5 35.1 3.0 5.8 27.2 36.4 3.1 6.0
Cu(2-Vpy) (HC0)2 25.1 42.8 2.8 16.6 25.7 42.0 2.8 17.0
2n(4-Vpy)2Cl2 18.9 48.5 4.1 8.1 20.5 19.4 48.1 4.0 8.2 20.3
2n(4-Vpy)2Br2 15.0 38.6 3.3 6*4 36.7 15.3 35.8
2n(4-Vpy)2l2 12.4 31.8 2.7 5.3 47.9 12.5 31.9 2.8 4.9 47.3
2n(4-Vpy)2(HC0)2 18.2 53.4 3.9 15.8 18.4 53*0 3.8 15.8
(4-Vpy) 2 (H C S ) 2 16.7 49.0 3.6 14.3 I6.5 48.8 3.7 14.1
Zn(2-Vpy)2Cl2 18.9 48.5 4.1 8.1 20.5 19.1 47.8 4.3 8.0 20.4
Zn(2-Vpy)2Br2 15.0 38.6 3.3 6.4 36.7 15.5 38.0 3.4 7.0 3 6.6
2ii(2-Vpy)2l2 12.4 31.8 2.7 5.3 47.9 12.5 31.9 3.0 5.1 47.7
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The mulls were held between RaCl, KBr and polythene plates.
Par i.r. spectra (4OO-3O cm,*"-1-) of the solid complexes were 
determined as nujol mulls between polythene plates and as polythene 
pressed discs using an R.I.I.C. PS 720 Fourier spectrometer in 
conjunction with an ICL I905F computer. The transformation program 
for converting interferogram to spectrum is described in detail 
by Parrett^57.
Low temperature spectra were obtained by cooling the samples 
to liquid nitrogen temperature in a cryostat which consisted of 
a brass plate holder, mounted in a brass block which was cooled 
by direct contact with liquid nitrogen (see Figure 29).
c. Raman spectra.
Laser Raman spectra of the solid compounds enclosed in glass 
capillaries were recorded on a Spex double grating spectrometer 
using a Spectra Physics type 125, 60 He/^ Te laser (6328 A), 
detection being by photon counting.
d. Iflagnetic measurements.
The Gouy method was used to measure both room and variable 
temperature magnetic moments. The construction of the balance has 
been described previously258,239. A pre-calibrated silica Gouy tube 
was employed.
The molar susceptibility Xm, is given by the expressions
Xm _
m 2
M - molecular weight w - change in weight on application
g - acceleration due to gravity of the field
1 - length of sample W - weight of sample
H - field strength
—  —
Figure 2 9
C ryosta t  for ' In ter ferom eter
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The atomic susceptibility X^ , of the metal ion -was obtained by 
correcting Xm for the diamagnetism of the ligands and any ions 
present in the compound. Diamagnetic corrections were determined 
using Pascal fs constants and the effective magnetic moment m s  
calculated using the expression:
P e f f .  =  z - 8 2 8 / * ! * '
The magnetic field experienced by the sample of length 1 at 
a particular current m s  determined by the method of Hettleton 
and Sugden^O. The use of this method enabled the length of the 
sample in the Gouy tube to vary over a considerable range and thus 
did not necessitate filling the tube to a specific length at each 
determination.
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